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Abstract
This study focuses on Quaternary benthic foraminiferal distribution in the Ross 
Sea, and its relationship to oceanography and ice-shelf retreat. It is the first study of 
benthic foraminiferal distribution that takes the retreat history of the Ross Ice Shelf 
into account. This is also the first time foraminifera from a cold-water carbonate bank 
have been described. There are three foraminiferal faunas in the Ross Sea:
Pleistocene carbonate-bank fauna, Modem-calcareous fauna, and Holocene 
agglutinated fauna. Numerically significant species in the carbonate-bank and 
Modem-calcareous faunas include Angulogerina earlandi, Cibicides lobatulus, 
Discorbis vilardeboana, Ehrenbergina glabra, Epistominella exigua, and 
Globocassidulina crassa. The carbonate-bank fauna has higher diversity and greater 
numerical abundance than the Modem-calcareous fauna. The agglutinated fauna, 
which is seen in Holocene sediments, contains Bathysiphon sp. A, Hormosinella 
ovicula , Miliammina earlandi, Textularia wiesneri, and Trochammina 
quadricamerata. The Modem-calcareous fauna is found where Warm Core Water 
upwells into the photic zone, causing an increase in phytoplankton productivity. The 
agglutinated fauna is found in water depths below the CCD and where Warm Core 
Water does not upwell in the photic zone. The carbonate-bank fauna probably formed 
during a period of increased upwelling in the northwestern Ross Sea.
The utility of benthic foraminifera as a tool for distinguishing glacial 
environments is also tested. Ice-shelf proximal and distal environments could not be 
distinguished by benthic foraminiferal assemblages, which contained the agglutinated 
species Miliammina earlandi, reworked calcareous forms, and rare other agglutinated
x
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specimens. In addition, some samples with an abundant agglutinated assemblage were 
found in an open-water environment.
This research also included a brief study of the distribution and formation of 
concentrically layered opaline spherules found in Antarctic sediments. These tiny 
spherules are found in association with calcareous foraminifera in the Ross and 
Weddell Seas and appear to form through precipitation as seasonal sea ice melts, 
causing freshwater to mix with saltwater, thus decreasing silica solubility in surface 
waters.
xi
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Chapter 1: Introduction 
Introduction
There are three stages in the study of the fossil record of extant organisms. 
First, basic taxonomy has to be resolved. Second an attempt is made to correlate the 
present distribution of the organisms with environmental factors, to infer factors that 
control biotic distributions. Third, this knowledge is used to interpret 
paleoenvironments and solve geologic problems. The study of extant benthic 
foraminifera in the Antarctic is just entering this third phase. The review in this 
chapter is arranged in order of these three phases of study. First, early taxonomic 
works are reviewed. Next, distributional studies from various parts of Antarctica and 
surrounding regions are discussed. These studies are arranged by geographic region 
(Figure 1.1). Finally, the aims of this study are introduced. Some literature outlined 
below has been previously reviewed by Ishman (1991), mostly for nonspecialists.
The present review is of a more technical nature, and the focus is on calcareous 
assemblages. Agglutinated forms are infrequent in the samples used in this study, 
probably because of disaggregation since collection.
Early Studies
The work of Alcide d’Orbigny (1839a) is a fitting beginning to this review.
He examined specimens collected from Cape Horn and the Falkland Islands during 
his voyage in “middle America” (d’Orbigny, 1839a). This work was taxonomic in 
nature although species geographic occurrences were listed. About a century later,
1
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Figure 1.1 Locations o f previous studies. l)Tierradel Fuego: Herb (1971); 
2) Falkland Islands: d’Orbigny (1839), Heron-Alien and Earland (1932), 
Herb (1971), Boltovskoy et al. (1980); 3) Drake Passage and South Georgia 
Island: Herb (1971); 4) South Shetland Islands: Faure-Fremiet (1914),
Lena (1980) Ishman (1990); 5) Scotia and Weddell Seas: Pearcey (1914), 
Echols (1971), Anderson (1972, 1975a, 1975b), Mackensonand Douglas 
(1989); 6) Antarctic Peninsula and Marguerite Bay: Faure-Fremiet (1914), 
Lena (1980), Ishman (1990); 7) Bellingshausen Sea: Pflum (1966);
8) Amundsen Sea and Pine Island Bay: Kellogg and Kellogg (1987);
9) Ross Sea and McMurdo Sound: McKnight (1962), Pflum (1966),
Kennett (1967, 1968), Fillon (1974), Truesdale and Kellogg (1979), 
Osterman and Kellogg (1979), Ward et al. (1987), Taviani et al. (1993);
10) Balleny Islands: McKnight (1962); 11) Adelie and George V Land: 
Milam and Anderson (1981); 12) Wilkes Land: McKnight (1962);
13) Queen Maud Land: McKnight (1962); 14) Lutzow Holm Bay: Uchio 
(1960); 15) South Orkney, Bruce, and the South Sandwich Islands:
Echols (1971).
2
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Heron- Allen and Earland (1932) published a comprehensive taxonomic report on 
Falkland Island foraminifera.
Benthic foraminifera from Antarctic waters have been studied for 120 years. 
The first report was by Brady (1879), which was expanded in his excellent and 
beautiful taxonomic report from the expedition of the H.M.S. Challenger 1873-1876 
(Brady, 1884). Faure-Fremiet (1914) described the samples taken from the area of 
the South Shetland Islands and Antarctic Peninsula by the Second French Antarctic 
Expedition of 1908-1910. This too was mainly a taxonomic work. He did, however, 
discuss the similarities between the South Shetland and Antarctic assemblages and 
those found in the Arctic seas.
Pearcey (1914) described the fauna collected during the Scotia expedition to 
the Weddell Sea. Unfortunately, he did not have enough material to allow 
distributional studies; however, he did write a detailed taxonomic account. Warthin 
(1934) reported on the foraminifera from one sample taken in the Bay of Whales in 
the eastern Ross Sea. He remarked that the assemblage in that sample contained a far 
greater percentage of agglutinated foraminifera than a sample taken from the western 
Ross Sea during the British Antarctic (Terra Nova) expedition. Additional 
taxonomic reports on foraminifera from the Antarctic include Chapman and Parr 
(1937) and Cushman (1945).
Lutzow Holm Bay
Uchio (1960) studied eleven samples from Lutzow Holm Bay, which is south 
of the Atlantic Ocean. He distinguished three assemblages, associated with different
3
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water depths. The shallowest assemblage (350-850 m) is dominated by 
Angulogerina angulosa, Ehrenbergina glabra, and Epistominella exigua 
(Assemblage 1). He also described a Bulimina aculeata assemblage (850-2000m) in 
which Eponides weddellensis is a significant component (Assemblage 2). In water > 
2000 m, Epistominella exigua and Eponides weddellensis become dominant and are 
associated with other characteristic species such as Bulimina rostrata, 
Haplophragmoides bradyi, Nonion sp. cf. colligera, and Pyrulina extensa 
(Assemblage 3). Uchio suggested that the distribution of assemblages is due to 
summer-water conditions, and linked Assemblage 1 to Antarctic Circumpolar Water 
and Antarctic Surface Water, Assemblage 2 to the lower part of the Antarctic 
Circumpolar Water, and Assemblage 3 to the Antarctic Bottom Water. However, he 
suggested that the distribution of these assemblages may not be attributable to 
present conditions, because of the presence of relict assemblages and the possibility 
of sediment mixing by ice.
Scotia and Weddell Seas 
Echols (1971) studied the distribution of foraminifera in the Scotia Sea and 
northern Weddell Sea, and concluded that there were a number of discrete calcareous 
and agglutinated faunas. The distribution of these faunas is controlled by the 
position of the CCD. His agglutinated faunas were described from waters (deeper 
than 2,200 m) much deeper than those of my study (~500 m), so only the four 
calcareous faunas he described are discussed here. Two of these, the Upper Bathyal 
Fauna and the Deep Fauna, were defined from the South Georgia Slope. The
4
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dominant species in the Upper Bathyal Fauna (300-750 m) are Angulogerina 
earlandi, Astrononion echolsi, Bulimina aculeata, Cassidulina parkerianus, and 
Fursenkoinafusiformis. Eilohedra weddellensis, Gyroidina subplanulata, and 
Nonionella iridea characterize the Deep Fauna (deeper than 1,500 m). From South 
Orkney, Bruce, and the South Sandwich Islands, Echols (1971) defined two more 
calcareous faunas, a Bathyal Fauna and a second Deep Fauna. The dominant species 
in the Bathyal Fauna (370-1,600 m) are Eilohedra weddellensis, Epistominella 
exigua, and Fursenkoina earlandi. Eponides tumidulus and Melonis cf. M. qffinis 
comprise the Deep Fauna (deeper than 1,600 m).
Anderson (1975a, 1975b) described factors that affect the distribution of 
benthic foraminifera in the Weddell Sea. Foremost among these is the depth of the 
CCD. Anderson (1975a, 1975b) suggested that where the pack ice breaks up late in 
the summer, there are high levels of C 0 2 from lack of uptake by photosynthesis, and 
this causes the CCD to rise. In contrast, in areas where the pack ice breaks up early, 
C 02 levels are lowered and the CCD sinks. Agglutinated assemblages are found 
where carbonate dissolution limits calcareous forms. Anderson (1975a) described 
the distribution of six biofacies from the Weddell Sea. Three of these contain 
calcareous species in significant numbers. Two of the calcareous assemblages are 
defined from the eastern continental shelf. Angulogerina earlandi (reported as 
Trifarina angulosa), Astrononion echolsi, Cassidulinoides crassa, Cibicides 
refulgens, Ehrenbergina glabra, and Globocassidulina subglobosa (reported as 
Cassidulina subglobosa) are the most important species in both of these
5
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assemblages. Faunal diversity and abundance distinguish them. The more diverse 
assemblage, with greater faunal density, is found in association with the Fresh Shelf 
Water, a water-mass that forms on the continental shelf. In the Ice Shelf Facies of 
Anderson (1972), the same species are numerically significant, but the fauna appears 
to be dominated by solution-resistant forms. Also, the overall abundance and 
diversity of the Ice Shelf fauna are lower. The Deep Water Calcareous-Arenaceous 
Assemblage is found in association with Antarctic Bottom Water formation. The 
important species in this assemblage are Cribrostomoides subglobosus, Cyclammina 
pusilla, Epistominella exigua, and Nuttallides umbonifera (Anderson, 1975a).
Mackensen and Douglas (1989) studied downcore distribution of benthic 
foraminifera in three short cores from the Weddell Sea. They discovered that 
Bulimina aculeata, a calcareous form, lives in carbonate corrosive waters in or on the 
uppermost sediment. They also found three distinct steps of downcore distribution 
change in agglutinated forms.
D rake Passage and Antarctic Peninsula 
Herb (1971) discussed the distribution of Recent foraminifera from the Drake 
Passage. He found that calcareous fauna generally dominate in shallower water, with 
the percentage of agglutinated forms increasing with depth. He described three 
faunas: from Tierra del Fuego (Cape Horn province), the Antarctic shelf (South 
Falkland province), and the area of the Falkland Islands (Falkland subprovince). 
Typical species of the Cape Horn province are Cibicides fletcheri, Discanomalina 
vermiculata, Ehrenbergina pupa, Eponides isabelleanus, Heronallenia kempii,
6
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Mississippina concentrica, and Polystomellina patagonica. Cibicides 
grosspunctatus, C. refulgens, Cribrostomoides jeffreysi, and Reophax pilulifer are 
the dominant species in the South Shetland province. In the Falkland subprovince, 
Elphidium crispum and Hoeglundina elegans are the most common species.
Boltovskoy et al. (1980) examined the foraminifera of the southwestern 
Atlantic, and as part of that study, those of the Falkland Islands (Las Islas Malvinas) 
and Cape Horn. They described a Malvin subprovince that is somewhat different 
from that of Herb (1971). Its characteristic species are: Angulogerina angulosa 
angulosa, Buccella peruviana forma campsi (large specimens), Buliminella 
seminuda, Cassidulina crassa forma typica, Cassidulinoides parkerianus, Discorbis 
isabelleanus, Ehrenbergina pupa, Heronallenia kempii, Pullenia subcarinata, and 
Uvigerina bifurcata. They also described the differences between assemblages from 
the area of the Falkland Islands and the Cape Horn area, but suggested that they are 
minor and do not justify the recognition of different subprovinces.
Lena (1980) also studied sediment samples taken from the northeastern coast 
of the Antarctic Peninsula and the South Shetland Islands. She found that 
agglutinated foraminifera are dominant in water depths greater than 20 m in her area 
of study. This is not what has been described by other workers (i.e. Anderson, 1975; 
Echols, 1971; Herb, 1971; Boltovskoy, 1980; this study), but this may be because 
many of her samples were collected in restricted bays in which other workers have 
described predominantly agglutinated assemblages.
7
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Ishman (1990) studied the distribution of foraminifera from the South 
Shetland Islands, Danco Coast on the northernmost Antarctic Peninsula, and 
Marguerite Bay on the Pacific side of the Antarctic Peninsula. Each of these three 
regions has a distinct foraminiferal assemblage. Faunal assemblages from the South 
Shetland Islands and Danco Coast are predominantly calcareous. In Marguerite Bay, 
the assemblage is predominantly agglutinated. He suggested that the CCD is not the 
primary control of this distributional pattern because there is no well-defined 
bathymetric break in the percentage of the total assemblage made up by calcareous 
benthic species. He noted that the faunas from restricted bays are very similar to 
each other and quite different from those found in more open marine water. He also 
found that calcareous faunas are associated with sediments with a high organic 
carbon content.
Adelie and George V
Milam and Anderson (1981) discussed the distribution of benthic 
foraminifera off Adelie Coast and the George V Coast. They found seven 
assemblages, of which two are predominantly calcareous and two are mixed 
calcareous and agglutinated assemblages. These assemblages are the Shallow Shelf 
Calcareous Assemblage, the Deep Shelf Calcareous Assemblage, the Transitional 
Shelf Assemblage, and the Slope Assemblage. They concluded that the distribution 
of calcareous and agglutinated assemblages is controlled by the depth of the CCD, 
with all calcareous assemblages occurring in shallower water than the dominantly 
agglutinated assemblages, except the slope assemblage, which contains both
8
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calcareous and agglutinated forms. Another suggested control on the distribution of 
agglutinated versus calcareous forms is sediment type. They found that most 
samples containing dominantly agglutinated foraminifera were found in association 
with organic-rich muds and oozes, while calcareous fauna were found in association 
with sands.
The Shallow Shelf Assemblage is found in association with a shell hash in 
anomalously warm, shallow (<200 m) water with strong to moderate current activity 
(Milam and Anderson, 1981). The most important species in this assemblage are 
Globocassidulina biora, G. crassa, G. crassa rossensis, G. subglobosa, and Rosalina 
globularis, with Astrononion antarcticus, Cassidulinoides porrecta, Cibicides 
refulgens, Ehrenbergina glabra, and Pullenia subcarinata as less significant 
members. This assemblage is very similar to  one found in the Weddell Sea. In both 
places, this fauna is associated with Fresh Shelf Water (Milam and Anderson, 1981).
The Deep Shelf Calcareous Assemblage was found on banks, shoals, and the 
shallow shelf break (Milam and Anderson, 1981). The numerically important 
species in the Deep Shelf Calcareous Assemblage are Cibicides refulgens, 
Ehrenbergina glabra, Globocassidulina spp., and Uvigerina bassensis. The Deep 
Calcareous Assemblage, Shelf Arenaceous Assemblage, and Transitional Shelf 
Assemblage are all found in association with Saline Shelf Water (Milam and 
Anderson, 1981).
The Transitional Shelf Assemblage is made up of common shelfal 
agglutinated species (species of the family Astrorhizidae and Miliammina earlandi)
9
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and the more solution-resistant species from the Deep Shelf Calcareous Assemblage 
(Globocassidulina spp. and Uvigerina bassensis). This assemblage is found in the 
transition zone between the Deep Shelf Calcareous Assemblage and either the Shelf 
Arenaceous Assemblage or the Slope Assemblage (Milam and Anderson, 1981).
The Slope Assemblage is dominated by Psammosphaerafusca. Other 
numerically significant species in this assemblage include species of the family 
Astrorhizidae, species of the subfamily Trochammininae, Cibicides refulgens, 
Ehrenbergina glabra, Globocassidulina crassa, Haplophragmoides canariensis, 
Reophax ovicula, and Uvigerina bassensis. The percentage of calcareous forms 
decreases with increasing water depth (Milam and Anderson, 1981).
Amundsen Sea
Kellogg and Kellogg (1987) studied the distribution of benthic and planktonic 
foraminifera, diatoms, and radiolarians from the Amundsen Sea. They found three 
distinct biotic provinces. The outer shelf showed high abundances of both planktonic 
and benthic foraminifera and low diatom abundances. A Pine Island Bay province is 
characterized by very little biogenic sediment, probably because the Pine Island 
Glacier retreated recently enough that there has been no opportunity for biogenic 
sediment to accumulate. The eastern margin province shows abundant diatoms and 
agglutinated foraminifera, but few calcareous foraminifera. All samples from which 
the eastern margin province was defined were taken from depths greater than the 
CCD depth in this region, and thus lack calcareous foraminifera.
10
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Ross Sea
McKnight (1962) studied 28 cores from many parts of the Antarctic. Most of 
his samples were from the Ross Sea, but some were from the Weddell Sea, off the 
Balleny Islands, off Wilkes Land, o ff Queen Maud Land, and localities adjacent to 
the Palmer Peninsula. He found that temperature, salinity, and mean grain size have 
little effect on foraminiferal distributions. He suggested that defining foraminiferal 
depth assemblages in Antarctic waters may be impractical due to the complexity of 
water characteristics and bottom currents. Nevertheless, he described three 
assemblages, which he tentatively associated with depth. These are: Assemblage I at 
depths from 164 to 475 m (Bolivina earlandi, Comuspira corticata, Heronallenia 
wilsoni, Lenticulina antarctica, Lenticulina asterizans, Polymorphina sp. A, 
Planispirinoides bucculentus, Pyrgo elongate, Pyrgoella sphaera, and Tubinella 
funalis), Assemblage II at depths greater than 384 m (Adercotryma glomeratum, 
Entosolenia sp. B, Textularia antarctica, and T. tenuissima), and Assemblage III at 
depths greater than 475 m (Dentalina communis larva, Entosolenia nelsoni, 
Patellinoides depressa, Reophax helenae, and Sigmomorphina subulata). However, 
he suggested that the strength of bottom currents is the most important factor 
controlling the distribution o f calcareous and agglutinated faunas. He believed that 
agglutinated forms were found in areas of high-energy bottom current; whereas 
calcareous forms were found in areas of low-energy bottom current.
Pflum (1966) described the distribution of foraminifera in the Ross Sea, 
Amundsen Sea, and Bellingshausen Sea. He accepted McKnight’s (1962) proposed
11
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bottom current as a control on foraminiferal distribution. However, Pflum (1966) did 
not discuss the distributions of calcareous and agglutinated biotas as two discrete 
entities. Instead, he compared the distributions of species with water depth. He 
found three depth assemblages: Shelf Assemblage I and n, and a Slope Assemblage. 
Alveolophragmium wiesneri, Angulogerina angulosa, Ehrenbergina glabra, 
Haplophragmoides canariensis, and Psammosiphonella discreta are indicative of 
Shelf Assemblage I (210-515 m). Shelf Assemblage II is composed of Textularia 
antarctica, T. tenuissima, Trochammina antarctica, T. grisea, and T. wiesneri. 
Epistominella exigua, Eponides weddellensis, and E. tener comprise the Slope 
Assemblage. Pflum (1966) described Epistominella exigua as indicative of a deep 
(1,765-3,545 m) environment and suggested that Ehrenbergina glabra should be 
found in significant numbers only in water depths of 210-515 m.
Kennett (1967, 1968) published two studies on Antarctic foraminifera. The 
first (Kennett, 1967) was a  small taxonomic work in which he described some new 
species that were found in Ross Sea sediments. The second (Kennett, 1968) was an 
ecologic and distributional study of Ross Sea foraminifera. He found two distinct 
faunas, one calcareous and the other made up of agglutinated species. Some 
agglutinated species, particularly are Bathysiphon sp. (with tests of aligned sponge 
spicules) and Ammodiscus cf. anguillae, were common within the calcareous 
assemblage. He did not list the common calcareous species from the calcareous 
assemblage, but described an agglutinated assemblage in which the following species 
were common: Adercotryma glome rata, Bathysiphon filiformis, Glomospira
12
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charoides, Karreriella pusilla, Pelosina bicaudata, Reophax distans, R. spicidifer, 
Rhabdammina sp. (coarse-grained test with sponge spicules), Rhizammina indivisa, 
and Vemeuilina minuta. He also pointed out that where calcareous assemblages are 
found, there are usually high foraminiferal counts, whereas samples with agglutinated 
assemblages tend to have low foraminiferal counts. According to Kennett (1968), 
the calcareous assemblage is only found in water shallower than 550 m and the 
agglutinated assemblage only occurs in water deeper than 430 m. The results of my 
study contradict that finding.
Fillon (1974) examined Late Cenozoic benthic foraminifera from the Ross 
Sea and came to very different conclusions than other workers. Fillon (1974), using 
paleomagnetics and radiolarian biostratigraphy, dated the sediments in which his 
foraminifera were found. He found that sediments in the Ross Sea are of either 
Gauss (> 2.4 m.y.) or Brunhes (< 0.7 m.y.) age, based on the fact that all of his 
samples were normally polarized. His Gauss-age sediments contain only calcareous 
foraminifera, probably because of the disaggregation of agglutinated forms. Fillon 
(1974) described nine species that are usually found in Gauss-age sediments, but are 
largely absent from Brunhes-age sediments. These are: Cassidulina neocarinata, 
Cibicides corpulentus, Cyclogyra corticata, Globocassidulina biora, G. subglobosa, 
G. tuberculata, Globocassidulina sp., Nonionella bradyi, and Triloculina tricarinata. 
Brunhes-age sediments contain assemblages that are either predominantly calcareous 
or agglutinated. Of the cores which Fillon examined, all but one of the Brunhes-age 
cores, which contained a dominantly calcareous assemblage, were found in water
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depths of less than 400 m. Therefore, Fillon (1974) explained the distribution of 
Brunhes-age foraminifera as dependent on a very shallow (<400 m) CCD, with 
calcareous foraminifera dominant in shallower water and agglutinated foraminifera 
dominant in deeper water. Gauss-age calcareous foraminifera from below the CCD 
depth were considered relict assemblages that had not had time to dissolve.
Truesdale and Kellogg (1979) studied diatom assemblages from 67 coretops 
distributed throughout the Ross Sea, and resulting ages were very different from 
those determined by Fillon (1974). Fifty-five of the samples studied by Truesdale 
and Kellogg (1979) contained Holocene sediments. The other 8 samples, 3 from the 
northern ends of troughs at the shelf break and 5 from within 10 km of the Ross Ice 
Shelf, contain reworked faunas of many different ages, but include Brunhes age 
biomarkers.
Osterman and Kellogg (1979) studied Recent benthic foraminifera in the Ross 
Sea, and concluded that they were related to a different set of variables in each 
region. They suggested that in the shallow eastern portion of the Ross Sea, 
foraminifera are agglutinated because the CCD occurs at a shallow depth. On the 
rest of the shelf, they regard water depth, the CCD, and other environmental 
variables as the controls of foraminiferal distribution. Using 31 coretops, they 
described 9 assemblages of which 5 are calcareous. These assemblages were named 
after dominant species: Angulogerina earlandi (reported as Trifarina earlandi) 
assemblage, Globocassidulina subglobosa assemblage, Nuttalides umbonifera 
assemblage, Ehrenbergina glabra assemblage, and Cibicides lobatulus assemblage.
14
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With the exception of the Nuttalides umbonifera assemblage, which is found in the 
deep water of the abyssal plain north of the Ross Sea, all calcareous assemblages 
were described from both the northwestern and southwestern Ross Sea. Osterman 
and Kellogg (1979) suggested that the distribution of these calcareous faunas is 
controlled by water depth, with the Globocassidulina subglobosa assemblage usually 
occurring at greater depths than the Ehrenbergina glabra assemblage, and the 
Angulogerina earlandi assemblage occurring at greater depths than the Cibicides 
lobatulus assemblage. They also concluded that intense productivity caused by a 
mixing of water masses allows formation of the calcareous slope assemblages. 
Osterman and Kellogg (1979), however, used dates from Truesdale and Kellogg 
(1979), and confined their samples to the Holocene. Subsequently, these sediments 
have been more precisely dated (Taviani et al., 1993).
Ward et al. (1987) found three assemblages of benthic foraminifera in 
McMurdo Sound of the Ross Sea. Two of these were agglutinated, a deep open 
water (> 560 m) assemblage and a harbor assemblage. In shallow open water, they 
found an assemblage dominated by calcareous forms. They also considered the 
taphonomic factor in the McMurdo region and found that death assemblages are poor 
representations of life assemblages in water between 420 m and 620 m (depth of the 
CCD), where calcareous taxa are depleted in the death assemblages. Furthermore, 
diversity of the agglutinated fauna is undepleted in death assemblage.
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Taviani et al. (1993) examined samples from the carbonate bank in the 
northwestern Ross Sea. They did not discuss the foraminiferal facies, but reported 
that foraminifera were present with bryzoans, barnacles, and pelecypods.
Summary
On the Antarctic continental shelf, benthic foraminiferal faunas contain either 
predominantly calcareous or agglutinated specimens; well-mixed faunas that contain 
both types of tests are not reported from most of the shelf (Kennett, 1962; McKnight, 
1962; Pflum, 1966; Echols, 1971; Fillon, 1974; Anderson, 1975a, 1975b; Osterman 
and Kellogg, 1979; Milam and Anderson, 1981). In the majority of studies, the CCD 
was considered the dividing line between these assemblages (Echols, 1971; Fillon, 
1974; Anderson, 1975a, 1975b; Osterman and Kellogg, 1979; Milam and Anderson, 
1981). Above the CCD, assemblages are calcareous, below the CCD agglutinated. 
Kennett (1962) did not mention the CCD, but he did note that his assemblages 
change from calcareous to agglutinated below 550 m, which is approximately the 
depth of the CCD (Kennett, 1966). In three studies (McKnight, 1962; Pflum, 1966; 
Ishman, 1990), the CCD was not considered the controlling factor for assemblages. 
McKnight (1962) thought that the configuration of bottom currents in the Ross Sea 
control the distribution of calcareous and agglutinated faunas, with agglutinated 
forms occurring in areas of high-energy bottom currents. Pflum (1966) accepted 
McKnight’s (1962) hypothesis. Perhaps a more compelling argument comes from 
Ishman (1990), who found a gradational change from calcareous to agglutinated
16
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faunas off the Antarctic Peninsula and South Shetland Islands, and, therefore, 
concluded that the CCD does not control this change.
Water mass distribution and water depth are two inter-related factors, which 
are considered in most studies to exert the other major control on foraminiferal 
distribution (Uchio, 1960; McKnight, 1962; Pflum, 1966; Echols, 1971; Anderson, 
1975; Milam and Anderson, 1981). Table 1.1 summarizes these depth associations. 
Other factors which have been associated with foraminiferal distribution are amount 
of sediment organic content (Ishman, 1990) and age of sediments (Fillon, 1974).
This Study
The present project attempts to determine controls on benthic foraminiferal 
distribution in the Ross Sea, with particular attention given to the effect of the ice 
sheet. This volume also addresses the usefulness of the benthic foraminiferal record 
for mapping ice-shelf retreat in the Ross Sea. The formation of the opaline spherules 
found in Antarctic sediments is also discussed. Each chapter is formatted as a self- 
contained paper.
The previous results that have the most bearing on this study are those that 
concern the CCD (Echols, 1971; Fillon, 1974; Anderson, 1975a, 1975b; Osterman 
and Kellogg, 1979; Milam and Anderson, 1981) and phytoplankton productivity 
(Osterman and Kellogg, 1979) as the major influences on benthic foraminiferal 
distribution in the Ross Sea. The association between the depth of the CCD and the 
distribution of an agglutinated fauna is confirmed. Osterman and Kellogg (1979) 
originally suggested a relationship between phytoplankton productivity and benthic
17
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Table 1.1 Summary of previous foraminiferal studies in Antarctica.
Uchio (1960) Lutzow Holm Bay
ASW & ACW 350-850 Angulogerina earlandi, Epistominella exigua, Ehrenbergina glabra
ACW 850-2000 Bulimina aculeata, Eponides weddellensis
ABW 2000 Eponides weddellensis, Epistominella exigua, Haplophragmoides bradyi, Nonion sp. cf. colligera
Pyrulina extensa, Bulimina rostrata
Echois(1971) S. Georgia Slope
350-750 Angulogerina earlandi, Astrononion echolsi, Bulimina aculeata, Cassidulina perkerianus, Fursenkoina fusiformis
>1500 Eilohedra weddellensis, Gyroidina subplanulata, Nonionella iridea
Echols (1971) S. Orkney, Bruce and S. Sandwich
370-1600 Eilohedra weddellensis, Epistominella exigua, Fursenkoina earlandi
>1600 Eponides tumidulus, Melonis sp.cf. affins
Anderson (1975) Weddell Sea
FSW Cassidulina subglobosa, Cassidulinoides crassa, Cibicides refulgens, Ehrenbergina glabra, Angulogerina earlandi, Astononion echolsi
ABW Nuttalides umbonifera, Epistominella exigua, Cyclammina pusilla, Cribrostomoides subglobosus
Milam and Anderson (1981) Adelie and George V coasts
FSW Rosalina globularis, Globocassidulina spp., Ehrenbergina glabra, Cassidulinoides porrecta, Pullenia subcarinata
Cibcides refulgens, Astrononion antarcticus 
SSW Globocassidulina spp., Uvigerina bassensis, Ehrenbergina glabra, Cibicides refulgens
McKnight (1962) Ross Sea
164-475 Bolivina earlandi, Comuspira corticata, Heronallenia wilsoni, Lentiulina antarctica, L  aslerizans, Polymorphina sp. A
Planispirinoides bucculentus, Pyrgo elongata, Pyrgoella sphaera, Tubinella funalis 
>384 Adercotryma glomeralum, Entosolenia sp. B, Textularia antarctica, T. lenuissima
>475 Dentalina communis larva, Entosolenia nelsoni, Patellinoides depressa, Reophax helenae, and Sigmomorphina subulata
Pflum (1966) Ross Sea
210-515 Alveolophragmium wiesneri, Angulogerina angulosa, Ehrenbergina glabra, Haplophragmoides canariensis, Psammosiphonella discreta
>515 Textularia antarctica, T. lenuissima, Trochammina antarctica, T. grisea, anisea, T. wiesneri
Slope Epistominella exigua, Eponides weddellensis, E. tener
foraminiferal distribution; however, they did not take past positions of the ice shelf 
into account. The relationship between phytoplankton productivity and benthic 
foraminiferal distribution is retested in the light of current understanding of ice shelf 
position and sediment age.
In Chapter Two, the effects of oceanography, paleoceanography, and the 
position of the ice shelf on benthic-foraminiferal distribution in the Ross Sea are 
explored. Chapter Two also discusses the foraminiferal fauna from the carbonate 
bank in the Ross Sea. While cold-water carbonate banks have been studied in detail 
(Nelson, 1988), the foraminiferal fauna from a carbonate bank has not been 
examined in detail. Chapter Three covers the taxonomy of Ross Sea benthic 
foraminifera.
In Chapter Four, this study seeks to determine if there is an ice retreat 
signature in downcore benthic-foraminiferal distributions. In the Pleistocene, the 
Ross Ice Shelf extended to the edge of the Ross Sea continental shelf. Since that 
time, the ice shelf has retreated from approximately 750,000 km2 of the shelf.
Despite such an extensive retreat, the Ross Ice Shelf is the largest existing ice shelf 
on Earth.
Chapter Five is a brief discussion of the significance and formation of opaline 
spherules found in Ross Sea sediment cores.
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Chapter 2: Oceanographic Control on the Distribution of Benthic Foraminifera
in the Ross Sea in the Quaternary
Introduction
This part of the study focuses on the distribution of benthic foraminifera in 
the Ross Sea. An attempt is made to determine if calcareous foraminiferal 
assemblages can be used to trace ice sheet movement. Also, other possible controls 
on the distribution of benthic foraminiferal assemblages are explored. A large 
Pleistocene carbonate bank exists on the continental shelf in the northwestern Ross 
Sea. This bank formed when the Ross Ice Sheet was grounded at the edge of the 
continental shelf (Taviani et al., 1993). It contains abundant calcareous foraminifera. 
There is also a modem sparse calcareous foraminiferal assemblage in the central and 
southwestern Ross Sea. An agglutinated fauna is found in the eastern Ross Sea and 
in basins of the western Ross Sea. There has never been an attempt to investigate the 
relationship between the position of the ice sheet and the existence of the carbonate 
bank. Also, there has never been an adequate explanation for the distribution of the 
calcareous and agglutinated foraminiferal faunas found elsewhere in the Ross Sea. 
This paper attempts to fill that void.
This paper also provides the first description of benthic foraminiferal 
distribution within a cold-water carbonate bank. Non-tropical carbonates have been 
researched in the past (Nelson, 1988; Collins, 1988; Gostin et al, 1988; Wilson,
1988; Scoffin, 1988; Scoffin and Bowes, 1988; Brookfield, 1988; Draper, 1988; Rao, 
1988; Kamp et al, 1988; Nelson et al, 1988; Young, 1988; and Simone and
20
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Carannante, 1988). However, to date no study has concentrated on cold-water 
carbonate foraminiferal assemblages.
Background 
Geologic Setting
The Ross Sea is the northern part of the Ross Embayment (Figure 2.1). The 
southern part is covered by the Ross Ice Shelf, one of three major Antarctic ice 
shelves (Cooper et al., 1990). This ice shelf reached the edge of the continental shelf 
of the Ross Sea in the late Pleistocene and has since receded to its present position 
(Anderson et al., 1993). A large Pleistocene carbonate bank is located on the 
continental shelf in the northwestern Ross Sea (Taviani et al., 1993) and a Holocene 
carbonate deposit occurs near the present day Ross Ice Shelf (Osterman and Kellogg, 
1979).
Domack (1982), Domack et al. (1988), and Anderson (1993) have suggested 
an association between ice shelves and Antarctic marine-carbonate formation. The 
northern margin of the ice shelf may be the site of carbonate formation because 
planktonic phytoplankton bloom in summer meltwater off the ice shelf edge, creating 
a zone of enhanced productivity (El Sayed et al., 1983). Past research suggests that a 
predominantly calcareous modem foraminiferal assemblage exists at the edge of the 
Ross Ice Sheet (Osterman and Kellogg, 1979). The Pleistocene carbonate-bank 
macrofauna in the northwestern Ross Sea have been dated at 22,730 to 35,750 BP 
(Taviani et al., 1993), when the ice shelf was grounded slightly south of the 
carbonate-bank position (Taviani et al., 1993).
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Figure 2.1 Study area location.
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The position of the ice shelf, however, is not sufficient to explain the 
distribution of benthic foraminifera in the Ross Sea. In the western Ross Sea, 
calcareous foraminifera are found near the edge of the ice shelf, but are also found in 
the central Ross Sea in similar abundance. Calcareous foraminifera are not found in 
the eastern Ross Sea, off the edge of the ice shelf or elsewhere. Instead agglutinated 
foraminifera are found in these areas. Therefore, the ice shelf alone is not the major 
control on modem calcareous foraminiferal distribution.
Ice Sheet
The Antarctic ice sheet is divided into two parts: the West Antarctic Ice Sheet 
(WAIS) and the East Antarctic Ice Sheet (EAIS). The EAIS is land-based while the 
WAIS is grounded below sea level (Mercer, 1978). Both ice sheets supply ice to the 
Ross Ice Shelf, with the WAIS being the most significant ice source (Anderson et al., 
1984).
The Ross Ice Shelf is the largest modem ice shelf, currently covering an area 
of 550,000 km2 (Anderson et al., 1984). Ice extended to the margin of the Ross Sea 
continental shelf during the last glacial maximum (Kellogg and Truesdale, 1979; 
Kellogg et al., 1979; Anderson, 1984). Between that time and the present, the ice 
shelf retreated and grounded on shallow banks on the inner shelf (Anderson, 1993). 
Subsequently, the Ross Ice Shelf separated from these shallow banks when sea level 
began to rise and the ice shelf retreated to its present position (Anderson, 1993). The 
carbonate banks formed during an earlier ice-shelf advance that extended farther 
north in the Ross Sea. This event occurred before 20,000 yr. BP (Licht et al., 1996).
23
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Oceanography
There are three important water masses on the Ross Sea continental shelf. 
Two of these form on the continental shelf: High-Salinity Shelf Water (HSSW) and 
Low-Salinity Shelf Water (LSSW) (Anderson, 1984). The other water mass that is 
significant in the Ross Sea is Circumpolar Deep Water (CDW) (Anderson, 1984).
The nutrient-rich CDW encroaches on the Ross Sea continental shelf as Warm Core 
Water (WMCO) which is significantly warmer (potential temperature -0.84° C) than 
the waters which form on the shelf (from -1.59° C to -1.91° C potential temperatures) 
(Jacobs et al., 1985). In the northwestern Ross Sea, the lighter WMCO floats on the 
denser, colder HSSW (Figure 2.2). The WMCO layer continues south to the edge of 
the ice shelf in the western Ross Sea. As it moves southward, it rises from a water 
depth of 250 m and moves into the photic zone (150 m and above) where it sustains a 
phytoplankton community when sea-ice conditions permit. Another tongue of 
WMCO also enters the eastern Ross Sea, but it enters the photic zone only in a very 
narrow region (Anderson, 1984).
The depth o f the CCD in the Ross Sea varies between 400 m and 700 m 
(Kennett, 1966). It is affected by fluctuations in the amount of sea ice. Anderson 
(1975a, 1975b) suggests that where pack ice breaks up late in the summer, high 
levels of CO2, caused by reduced photosynthesis, occur. Increased CO2 
concentration causes the CCD to rise. In areas where pack ice breaks up early 
(Figure 2.3), CO2 levels are lowered and the CCD is found at greater depths.
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Figure 2.2 A) Modem temperature profile across the eastern Ross Sea, with the 
position of the WMCO stippled, b) Modem temperature profile across the western 
Ross Sea, with the position of the WMCO stippled. WMCO = Warm Core Water, 
LSSW = Low Salinity Shelf Water, HSSW = High Salinity Shelf Water, (from 
Anderson et al., 1984)
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Figure 2.3 Summer and winter maximum, minimum, and mean sea ice extent. (From 
Department of the Navy, 1985)
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sedimentology
The oceanography of the Ross Sea influences the distribution of surface 
sediments. Coarse-grained sediments occur in two places on the Ross Sea shelf: near 
the shelf break and on the crests of shallow banks (<400 m) (Figure 2.4).
Apparently, this distribution mirrors the CDW boundary current on the continental 
shelf (Anderson, 1993). Currents in areas bathed by CDW are generally strong 
enough to move fine sediment 10% of the time. There has been some winnowing 
and redistribution of the carbonate-bank sediments. Ice-rafted sand and gravel, 
calcareous bioclastic material, and well-sorted fine and very fine sands comprise 
these sediments. Bioclastic material makes up of these sediments and increases from 
< 5% to 90% from east to west (Anderson, 1993).
Everywhere else in the Ross Sea, sediment consists of terrigenous silt and 
very fine sand, diatom frustules, sponge spicules, and less than ten percent ice-rafted 
debris. Currents in the inner Ross Sea shelf are usually not strong enough to suspend 
very fine sand (Anderson, 1993). In the western Ross Sea, the sediments are 
siliceous muds and oozes deposited since the last retreat of the ice sheet (Truesdale 
and Kellogg, 1979) in waters probably deep enough to preclude iceberg effect 
(Anderson, in press). They are frequently laminated and do not appear reworked.
The same is tme of thinner siliceous sediments in the eastern Ross Sea.
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Figure 2.4 Ross Sea sediment distribution map. Compound glacial-marine sediment (CGM) is terrigenous silt with minor 
ice-rafted debris; dCGM is diatomaceous compound glacial-marine sediment; cZ is clayey silt. Residual glacial-marine 
sediment (RGM) is predominantly ice-rafted sand and gravel; SiM is siliceous mud; SiO is siliceous ooze. Stipplingindicates 
muddy sand, sand, and gravelly sand. The stippled area issubject to stronger bottom currents. Bathymetry is in meters. 
(From Anderson etal., 1984).
Cold-water carbonates 
The majority of carbonate banks are found in tropical regions. However, 
cold-water carbonates are more prevalent among modem carbonates than might be 
expected. Only within the last 30 years have cold-water carbonate banks, such as the 
bank found in the Ross Sea, Antarctica, been recognized and studied. The 
information in this paragraph is from an excellent review paper by Nelson (1988). 
The most significant differences between cold-water carbonates and warm-water 
carbonates are in grain size, major skeletal components, and carbonate mineralogy.
In warm water, both skeletal and non-skeletal components compose the sediments; in 
cold water, skeletal components alone comprise the bank. Cold-water carbonates are 
mainly composed of sand and gravel-sized fragments with rare muds derived from 
skeletal abrasion, bioerosion, and maceration, whereas warm-water carbonates are 
composed of sand, gravel, and mud. Warm-water muds are generally created by 
inorganic precipitation, which does not happen in cold water, and disaggregation of 
shells. Different organisms dominate cold-water and warm-water carbonates. Major 
components of cold-water carbonates that are not as common in warm-water 
carbonates include coccolithophorids, bryzoans, bivalve mollusks, barnacles, 
echinoderms, serpulid worms, and brachiopods. Both types of carbonates, however, 
include calcareous red algae and benthic foraminifera as major contributors. 
Conspicuously missing from cold-water carbonates are hermatypic corals and 
calcareous green algae, both of which are common components o f warm-water 
carbonates. Other important characteristics of cold-water carbonates are ice-rafted
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debris and heavy oxygen-isotope compositions of calcareous shells (Taviani et al. 
1993).
Taviani et al. (1993) studied the carbonate bank in the northwestern Ross Sea. 
They defined four carbonate facies in the bank area on the basis of skeletal 
composition (Figure 2.5). These are a bamacle/foraminifer facies (I), a muddy 
bryzoan facies (II), a bryzoan/bamacle/pelecypod/ foraminifer facies (HI), and a 
planktonic foraminifer facies (IV). The samples in this study include examples of 
each of these facies.
Earlier studies
A detailed discussion of previous benthic foraminiferal studies is given in 
chapter one. The major findings of those studies that have a bearing on the present 
work are summarized below.
Anderson (1975a) suggested that the most important control on foraminiferal 
distribution in the Weddell Sea was depth of the CCD. He described two shelfal 
calcareous assemblages in which Angulogerina angulosa, Astrononion echolsi, 
Cassidulinoides crassa, Cibicides refulgens, Ehrenbergina glabra, and 
Globocassidulina subglobosa were the most abundant species. Faunal diversity and 
density distinguish these assemblages. The more diverse assemblage (with the 
greater faunal density) is associated with the Fresh Shelf Water. In the other facies, 
referred to as the Ice Shelf Facies (Anderson, 1972), the overall abundance and 
diversity of the fauna are lower.
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Figure 2.5 Distribution o f the carbonate biofacies defined on skeletal 
composition. (I) bamacle/foraminifer facies; (II) muddy bryzoan facies; 
(III) bryzoan/bamacle/pelecypod/foraminifer facies; (IV) planktonic 
foraminifer facies. Boxes and circles represent sample locations.
(From Taviani et al., 1993)
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Osterman and Kellogg (1979) described nine foraminiferal assemblages, five 
of which were calcareous, from the Ross Sea (Figure 2.6). They suggested that in the 
shallow eastern portion of the Ross Sea, foraminifera are agglutinated because the 
CCD occurs at a shallow depth. On the rest of the shelf, they regarded water depth, 
CCD, and other ecological variables such as food supply and oceanographic 
conditions as the controls on foraminiferal distribution. They concluded that intense 
productivity caused by a mixing of water masses allows formation of the calcareous 
slope assemblages. However, most of the northwestern carbonate bank material, 
which Osterman and Kellogg (1979) believed was Holocene, formed during the 
Pleistocene and has been dated between 22,730 B.P. and 35,750 B.P. (Taviani et al., 
1993), when the ice shelf was grounded near the shelf edge. Since that time, 
carbonate production has slowed. Therefore, although water-mass mixing may be an 
appropriate explanation for the distribution in that area, it probably occurred under a 
different oceanographic regime than the modem one Osterman and Kellogg (1979) 
described.
Materials and Methods
Samples o f benthic foraminifera from the Ross Sea used in this study range 
from 172 m to 1867 m of water depth, with most samples collected between 400 m 
and 700 m of water (Table 2.1, Figure 2.7). This study includes 264 samples from 35 
cores. Most of these samples were collected on Deep Freeze cruises 62 and 87, 
Eltanin cruises 27,32,52, and 59, Glacier cruise 76, and N. B. Palmer cruise 9901,
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
E 180 W
iSS iglAngulogerina earlandi 
Globocassidulina
Ciblcldas lobatulus
VICTORIA
LAND
Ross I.
w !L
1 nnin
E180 W
160° 160°
Figure 2.6 Distribution o f calcareous foraminiferal assemblages defined 
by Osterman and Kellogg (1979); the assemblages named in the key 
constitute greater than 75% o f the benthic foraminiferal fauna. Dots are 
sample locations. (After Osterman and Kellogg, 1979)
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Table 2.1 Latitude, longitude and water depth o f samples used in this study.
Core number Latitude Longitude W ater
Depth
DF62-6 -77.350 173.817
DF62-11 -75.667 176.400
DF87-5 -72.407 171.553 172
DF87-8 -73.007 178.172 421
DF87-9PC -73.140 177.113 548
DF87-12PC -73.205 179.645 585
DF87-13PC -73.195 179.822 548
DF87-14 -72.973 179.893 658
DF87-15PC -72.647 -179.248 705
DF87-18PC -73.007 178.913 820
DF87-21 -72.543 174.880 411
E27-5 -71.507 171.250 351
E27-8 -74.625 170.480 285
E32-11 -75.033 -176.298 1509
E32-12 -75.000 176.890 347
E32-13 -74.955 172.157 538
E32-16 -75.973 178.137 508
E32-32 -76.967 -171.117 430
E32-37 -77.652 -162.833 205
E32-43 -72.453 176.983 1867
E32-44 -71.385 171.593 521
E52-7 -73.247 177.122 475
E52-9 -72.447 173.872 479
GL76-1 -77.445 174.795 695
GL76-3 -78.200 -174.183 558
GL76-5 -78.033 -179.245 677
GL76-15 -77.245 176.267 494
IWSOE68 68-16 -74.85 -39.083 384
IWSOE70 2-19-1 -74.350 -38.250 489
NBP9501-30 -76.058 164.585 752
NBP9501-31 -75.7 165.417 879
NBP9501-37 -74.498 167.743 924
NBP9501-39 -74.473 173.512 557
NBP9902-11 -76.311 -169.659 578
NBP9902-12 -76.312 -169.668 583
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Figure 2.7 Map of sample locations. 1) E32-44,2) DF87-5, 3) E52-9,
4) DF87-21, 5) E32-43, 6) E52-7,7) DF87-8 and DF87-9, 8) DF87-18,
9) DF87-15, 10) DF87-12, DF87-13, and E32-16, ll)NBP9501-37 
12) E27-8, 13)NBP9501-39, 14)E32-13, 15) E32-12, 16)E32-11,
17) DF62-11, 18) DF87-14, 19) NBP9501-31,20) NBP9501-30,
21) NBP9901-11 and NBP9901-12, 22) DF62-6, 23) GL76-1, 24) GL76-15, 
25) GL76-5, 26) GL76-3.
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and were obtained from the Antarctic Research Facility at Florida State University. 
The remainder were collected by the author on shipboard during N. B. Palmer cruise 
9902 (sample numbers with NBP9902 prefix) in February and March, 1999. Both 
coretops and downcore samples were used in this study. Holocene and Pleistocene 
downcore samples were included because there were few coretop samples available 
for study due to previous sampling of cores.
Samples were washed over a 63 pm sieve. Those with low foraminiferal 
density and high quartz content were density separated by centrifuging for 6 minutes 
at 1400 rpm in a 2.5g/cc sodium polytungstate and water solution. Float and sink 
were both rinsed with water and saved. Floats from samples that were density 
separated and the washed material from other samples were split with a microsplitter 
into subsamples (each containing approximately 300 specimens) and picked. Entire 
samples (usually -10 g in weight) were picked if they did not contain 300 specimens.
NBP9902 samples were processed somewhat differently, because cores were 
processed immediately after collection. The two coretops were allowed to sit 
overnight in a Rose Bengal solution in ethanol in order to stain residual protoplasm 
in specimens that probably were living when collected. They were washed over a 63 
pm sieve, split, and picked. NBP9902 KC11 10-12 cm and KC12 10-12 cm were 
soaked overnight in a Calgon and water solution, washed over a 63 pm sieve, and 
picked.
Biogenic silica content was determined at Louisiana State University by a 
method modified from that of DeMaster (1981). Subsamples of 20-30 mg of dry
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sediment were digested in 40mL of a 1.0% Na2CC>3 solution at 85°C in 125 mL 
polyethylene bottles. One mL aliquots were removed at 2, 3, 4, and 5 hour intervals. 
These aliquots were analyzed for dissolved silica concentration on a Technicon 
Autoanalyzer II by the heteropoly blue method (DeMaster, 1981). Biogenic silica 
concentrations were determined by a least-squares regression of extracted silica 
versus time, in order to correct for mineral dissolution. The extrapolated intercept at 
time zero was taken as the biogenic silica concentration of the sample.
Accelerator Mass Spectrometry (AMS) radiocarbon dates were determined at 
the University of Arizona.
The Ward’s Hierarchical Clustering Method was used to analyze surface 
sample benthic foraminiferal data because it reduces the differences caused by 
differing sample sizes. Proportional abundance data of benthic foraminiferal were 
analyzed.
Results
Previous studies from the Ross Sea (McKnight, 1962; Pflum, 1966; Kennett, 
1968; Fillon, 1974; Osterman and Kellogg, 1979; Ward et al., 1987) defined distinct 
agglutinated and calcareous assemblages in the Ross Sea. Further, calcareous 
foraminifera are known from two distinct sedimentary facies, the Pleistocene 
carbonate bank in the northwestern Ross Sea, and the Recent diatomaceous mud in 
the central Ross Sea. In this study, the distributions of the agglutinated and 
calcareous foraminiferal assemblages were determined and the calcareous 
foraminiferal faunas from both sedimentary facies were delimited (Figure 2.8). The
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Figure 2.8 Distribution of faunas. Samples which contain the carbonate-bank 
fauna are shown as squares. Samples which contain the Modem-calcareous 
fauna are shown as circles. Samples which contain the agglutinated fauna are 
shown as diamonds. Barren samples are shown as triangles.
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Modem-calcareous fauna is found near the western edge of the ice shelf and in the 
central Ross Sea. The carbonate-bank fauna formed abundantly during the 
Pleistocene (Taviani et al., 1993) in the northwestern Ross Sea and is less profuse 
today. The carbonate-bank foraminifera are usually found with other organisms 
(such as bryzoans, barnacles, and bivalves), although sometimes it is found only in 
association with planktonic foraminifera. An agglutinated fauna is found in the 
eastern Ross Sea, and in samples from the JOIDES basin in the northwestern Ross 
Sea and the Drygalski Basin in the western Ross Sea. The three benthic 
foraminiferal faunas are discussed in greater detail in subsequent sections. Barren 
coretops were found near Cape Adare, in the central Ross Sea, and off the eastern 
edge of the ice shelf. Systematic and alphabetical lists of all foraminiferal species 
identified in this study are given in Chapter Three.
Surface Distribution 
Faunal data from available coretops were analyzed with a  Ward’s 
Hierarchical Cluster Analysis (Figure 2.9). This cluster analysis confirmed the a- 
priori designation of foraminiferal faunas. Two coretops, NBP9902 KC11 and KC12 
from the eastern Ross Sea (basal cluster) contained the agglutinated fauna. The 
Modem calcareous fauna clustered together as a subset of the calcareous fauna in 
general. The species found in the Modem calcareous fauna are a subset of the 
species found in the carbonate bank fauna; however, this is the effect of a larger 
population size on diversity. The carbonate bank contains a more diverse and
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DF62-11
E27-8
E32-11
E32-37
GL76-1
DF87-12
DF87-18
E27-5
E32-12
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NBP9902 KC-11 
NBP9902 KC-12
Figure 2.9 Cluster diagram for abundance data o f benthic foraminifera from 
Ross Sea surface samples. Cluster 1: Modem-calcareous fauna; Cluster 2: 
carbonate-bank fauna; Cluster 3: agglutinated fauna.
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abundant foraminiferal assemblage than the Recent sediments (see below). Six 
coretops from the western ice-shelf edge and the western central Ross Sea contained 
the Modem-calcareous fauna (DF62-6, DF62-11, E27-8, E32-11, E32-37, and GL76- 
1). In the northwestern Ross Sea, the carbonate bank fauna was represented in 
thirteen coretops (DF87-8, DF87-9, DF87-12, DF87-13, DF87-14, DF87-15, DF87- 
18, DF87-21, E27-5, E32-7, E32-12, E52-9, and E32-43). E32-12 clustered with the 
carbonate-bank fauna and was dated at 35,900 B.P. +-740 years, placing it in the age 
range of the carbonate bank (22,730 to 35,750 B.P., Taviani et al., 1993). This 
sample came from a shallow bank in the central Ross Sea, which was an intermediate 
grounding point for the ice shelf (Anderson, 1993). It is probably reworked material 
that was transported by the ice shelf during its retreat.
Barren coretops from the central Ross Sea are not reflective of downcore 
material. In these cores, a sparse foraminiferal assemblage is found just beneath the 
top of the core. The foraminiferal counts in these cores are low (average faunal 
density is 7.5 tests per gram of sediment), and the barren coretops may represent 
random variation or fluctuations in the CCD. The entire core from the eastern edge 
of the Ross Ice Shelf was barren. The following discussion of faunas is based on 
both surface and downcore distributions.
Modem calcareous fauna 
Cores DF62-6, DF62-11, E27-8, E32-11, E32-13, E32-16, E32-37, and 
GL76-1 contain the Modem calcareous fauna samples from this study. This fauna is
41
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found in the southwestern Ross Sea. The abundant species in both the Modem 
calcareous fauna and the Pleistocene carbonate banks are Angulogerina earlandi, 
Cibicides lobatulus, Discorbis vilardeboana, Ehrenbergina glabra, Epistominella 
exigua, and Globocassidulina crassa (Table 2.2, Figures 2.10-2.15). The two faunas 
are distingiushed by faunal diversity and density. In each Ross Sea core, the average 
combined contribution of these species to a sample ranges between 66 and 100% of 
the total fauna. Calcareous foraminifera make up a significantly smaller proportion 
of the sediment in the central and southwestern Ross Sea than they do in the 
carbonate bank samples, where the calcium-carbonate content may reach as high as 
80% of the total sediment (Taviani et al., 1993). In the southwestern and central 
Ross Sea, where the Modem calcareous fauna is found, the average foraminiferal 
density is 7.57 tests per gram of sediment, with an average density ranging from 0.14 
to 31.37. In the carbonate bank fauna, the average is far greater (~3,000 foraminifera 
per gram sediment). The diversity in the Modem calcareous fauna is also lower than 
that of the carbonate bank fauna. In the Modem calcareous fauna, the Shannon- 
Wiener index [H(S) = -£( pOln(pi), where S is number of species and p* is proportion 
of species.] ranges from an average per core of 0.14 to 0.80, with the overall average 
being 0.56. S, in the Modem calcareous fauna, averages 8 species per sample. This 
fauna is similar in composition and density to the Ice Shelf Facies that Anderson 
(1972) found in the Weddell Sea.
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.2 Percentage of abundant species in Modem-calcareous fauna cores.
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DF62-6
0-2 cm 3 0.0 0.0 0.0 33.3 0 33.3
18-20 cm 215 65.1 3.3 0.0 5.6 10 84.2
40-42 cm 332 57.5 0.9 0.0 4.2 14 76.2
58-60 cm 444 66.2 2.0 0.0 5.8 7 81.2
78-80 cm 258 52.8 2.2 0.0 3.7 1 59.6
DF62-11
0-2 cm 6 50.0 0.0 16.7 33.3 0 100.0
20-22 cm 21 23.8 0.0 0.0 4.8 5 33.3
40-42 cm 5 20.0 20.0 0.0 40.0 0 80.0
60-64 cm 27 44.4 7.4 0.0 3.7 0 55.6
80-82 cm 15 26.7 0.0 0.0 6.7 7 40.0
102-104 cm 11 63.6 0.0 0.0 18.2 0 81.8
120-122 cm 8 75.0 0.0 0.0 12.5 0 87.5
148-150 cm 18 50.0 0.0 0.0 0.0 0 50.0
160-162 cm 19 52.6 5.3 0.0 0.0 11 68.4
180-182 cm 27 37.0 3.7 0.0 3.7 11 55.6
200-204 cm 20 40.0 0.0 0.0 10.0 10 60.0
220-222 cm 8 25.0 0.0 0.0 12.5 25 62.5
E27-8
0-2 cm 6 50.0 16.7 16.7 16.7 0 100.0
20-22 cm 22 72.7 0.0 0.0 4.5 0 77.3
30-32 cm 266 43.2 7.5 0.0 2.6 11 64.3
(Table 2.2 cont’d.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I iB <3s**
2 5
~ c s *522
5^
SC a
-§
c4
,<D
*5
GSC
"O
8
J§
Go
Q 
SC ■ »*
2?
1
a
<3-o,o
:§G • *■«*
§
.C
§
S00
•8 
* Kl
•fio
<8
s?
c<D
aa>CX,
a)1—1 
a
73
4—»oH
-2
<4-1o
#
§
o
» « 0
Q
« 4 -lo
K
( 4 -o
s
Q
(4 -1o
ts
E
IS
soU
E32-11
0-10 cm 1 0.0 0.0 100.0 0.0 0 100.0
42-44 cm 32 40.6 6.3 0.0 3.1 3 53.1
60-62 cm 22 36.4 4.5 0.0 13.6 18 72.7
78-80 cm 17 35.3 11.8 0.0 5.9 0 52.9
101-104 cm 12 0.0 16.7 0.0 0.0 0 16.7
120-122 cm 12 25.0 0.0 8.3 25.0 0 58.3
140-142 cm 19 36.8 10.5 5.3 15.8 0 68.4
163-165 cm 11 54.5 0.0 9.1 18.2 0 81.8
180-182 cm 20 40.0 10.0 5.0 5.0 5 65.0
200-202 cm 20 35.0 0.0 5.0 15.0 5 60.0
220-222 cm 7 42.9 0.0 0.0 14.3 14 71.4
240-242 cm 13 30.8 0.0 7.7 23.1 8 69.2
260-262 cm 2 50.0 0.0 0.0 0.0 0 50.0
E32-13
42-44 cm 32 31.3 9.4 0.0 12.5 13 65.6
65-67 cm 36 37.5 12.5 0.0 5.0 3 57.5
84-86 cm 70 44.3 1.4 2.9 8.6 7 64.3
98-100 cm 13 61.5 15.4 0.0 7.7 8 92.3
120-122 cm 46 39.1 0.0 0.0 4.3 22 65.2
140-142 cm 20 70.0 0.0 0.0 10.0 5 85.0
160-162 cm 34 58.8 5.9 0.0 11.8 0 76.5
182-184 cm 28 30.0 6.7 0.0 13.3 13 63.3
202-204 cm 29 43.3 10.0 0.0 6.7 10 70.0
(Table 2.2 cont’d.)
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E32-16
18-20 cm 2 0.0 0.0 0.0 0.0 0 0.0
60-62 cm 13 71.4 0.0 0.0 7.1 0 78.6
80-82 cm 10 81.8 0.0 0.0 9.1 0 90.9
98-100 cm 5 14.3 0.0 0.0 0.0 0 14.3
120-122 cm 10 60.0 0.0 0.0 20.0 0 80.0
140-142 cm 13 46.2 7.7 0.0 0.0 0 53.8
160-162 cm 14 28.6 0.0 0.0 7.1 0 35.7
180-182 cm 11 27.3 18.2 9.1 0.0 9 63.6
198-200 cm 11 36.4 0.0 0.0 0.0 0 36.4
220-222 cm 12 41.7 16.7 0.0 25.0 0 83.3
240-242 cm 5 40.0 20.0 0.0 0.0 0 60.0
260-262 cm 11 36.4 9.1 0.0 18.2 9 72.7
280-282 cm 19 31.6 10.5 5.3 10.5 26 84.2
340-342 cm 19 42.1 5.3 0.0 0.0 16 63.2
360-362 cm 28 48.3 3.4 0.0 6.9 10 69.0
380-382 cm 7 28.6 0.0 0.0 0.0 0 28.6
E32-37 0.0
20-22 cm 8 0.0 0.0 0.0 87.5 0 87.5
242-244 cm 1 0.0 0.0 0.0 0.0 0 0.0
258-260 cm 2 50.0 0.0 0.0 0.0 50 100.0
(Table 2.2 cont’d.)
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
cd
to
2
53
. a
" a•
%
2
-Ci
60
53
C
£ ?
Ol
X
553
-S3
5^3
e
■S53
53
. «
c
53
e53<3
-S3
■i
r—
C /3
O
8P
C
un
'S
s03
8
r \
-S3
s*•4
-s’*■« «»
a
S’
<4-.
”2535J
u .03
& .
T3
a
•-■a
Q
§
Q
0
o
50
Q
0}
C
loE-* & #
w
ss
©
#
o OU
GL76-1
0-2 cm 31 32.3 12.9 22.6 19.4 0 87.1
20-22 cm 126 40.5 7.1 3.2 11.9 10 72.2
40-42 cm 119 38.7 5.0 0.8 12.6 7 63.9
60-62 cm 157 43.3 5.1 0.0 8.9 3 60.5
80-82 cm 89 44.9 5.6 0.0 13.5 9 73.0
100-102 cm 147 45.6 4.8 0.0 8.8 5 64.6
120-122 cm 168 39.6 4.1 1.2 4.7 13 62.7
140-142 cm 147 35.4 6.8 0.7 13.6 9 65.3
160-162 cm 54 42.6 11.1 0.0 7.4 4 64.8
180-182 cm 67 31.3 11.9 0.0 17.9 7 68.7
200-202 cm 112 47.3 4.5 0.0 10.7 5 67.9
240-242 cm 49 44.9 6.1 0.0 6.1 0 57.1
260-262 cm 44 47.7 4.5 0.0 27.3 2 81.8
298-300 cm 5 20.0 20.0 0.0 40.0 0 80.0
320-322 cm 59 35.6 10.2 0.0 10.2 7 62.7
340-342 cm 52 32.7 9.6 0.0 21.2 2 65.4
360-362 cm 34 41.2 5.9 0.0 29.4 3 79.4
380-382 cm 31 45.2 12.9 0.0 19.4 6 83.9
400-402 cm 74 28.4 12.2 0.0 20.3 1 62.2
420-422 cm 24 33.3 8.3 0.0 20.8 0 62.5
440-442 cm 51 43.1 7.8 0.0 17.6 4 72.5
460-462 cm 39 23.1 10.3 0.0 38.5 0 71.8
480-482 cm 30 23.3 10.0 0.0 33.3 0 66.7
500-502 cm 40 17.5 12.5 0.0 37.5 0 67.5
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.10 Percentages o f abundant species in  core DF62-6. Species 
percentage in assemblage is on X-axis. Depth in  core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Figure 2.11 Percentages of abundant species in  core DF62-11. Species 
percentage in assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Figure 2.12 Percentages o f abundant species in core E32-11. Species 
percentage in assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Figure 2.13 Percentages o f abundant species in  core E32-13. Species 
percentage in assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Figure 2.14 Percentages o f abundant species in core E32-16. Species 
percentage in assemblage is on X-axis. Depth in  core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DY is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Figure 2.15 Percentages o f abundant species in  core GL76-1. Species 
percentage in assemblage is on X-axis. Depth in  core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
52
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Angulogerina earlandi ranges to as high as 40% of Modem calcareous 
fauna assemblages (that contain more than 10 total specimens), but generally remains 
below 15%.
Cibicides lobatulus makes up less than 10% of the assemblage in most 
samples from the Modem-calcareous fauna. In some cores it does not appear at all, 
and its highest concentration is 23% (if one sample which contained only one 
foraminifer is excluded). Cibicides lobatulus is an epifaunal, attached form, which 
prefers high-current environments. The current activity in the inner shelf is not high 
enough that a high concentration of Cibicides lobatulus is expected.
Discorbis vilardeboana varies between 0% and 50% in the Modem 
calcareous fauna. Usually, it makes up less than 20% of the total fauna. Like 
Cibicides lobatulus, Discorbis vilardeboana is an attached form, found in areas with 
high current activity.
Ehrenbergina glabra varies between 0% and 20% of the Modem calcareous
fauna.
Epistominella exigua is found in relatively low levels in the Modem 
calcareous fauna. It rarely exceeds 15% and is commonly found in concentrations of 
less than 10%.
Globocassidulina crassa is the most numerous species in the Modem 
calcareous fauna. It frequently comprises over 60% of the assemblage in Modem 
calcareous fauna samples and exceeds 80% in some samples.
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Carbonate Bank Fauna 
A different benthic foraminiferal fauna is found on the bank tops of the 
northwestern Ross Sea, which is positioned at approximately 73° South latitude.
The most abundant contributors to this assemblage are the same as those to the 
western assemblage: Angulogerina earlandi, Cibicides lobatulus, Discorbis 
vilardeboana, Ehrenbergina glabra, Epistominella exigua, and Globocassidulina 
crassa (Table 2.3, Figures 2.16-2.20). The main difference between the carbonate- 
bank and Modem-calcareous faunas lies in the diversity of the foraminiferal 
assemblage. The Shannon-Wiener Diversity Index ranges from 0.70 to 1.03 on 
average for cores from the carbonate bank fauna. The overall average for the 
carbonate-bank samples is 0.87. Although this is lower than is usually found in 
warm water environments, it is much higher than the diversity found in the Modem- 
calcareous fauna (average of .56). S, the number of species in a sample also is higher 
on average in the carbonate-bank fauna (18) than in the Modem-calcareous fauna (8). 
Another striking difference between the carbonate-bank fauna and the Modem- 
calcareous fauna is the concentration of foraminifera in the sediments. The average 
number of foraminifera per gram of sediment in the carbonate bank fauna is 3000, 
with the average per core value ranging from 1053 to 7258 tests per gram sediment. 
Cores DF87-8, E32-7, DF87-9, E52-9, E32-43, and DF87-21 contain carbonate bank 
foraminifera in association with diverse macrofauna. In cores DF87-12, DF87-13, 
DF87-14, DF87-15, DF87-18, E27-5, E32-12, and E32-44, benthic and planktonic 
foraminifera are the only significant calcareous components.
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Table 2.3 Percentage of abundant species in carbonate-bank fauna cores.
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DF87-14
0-2 cm 275 5.8 31.3 0.0 38.2 4 78.9
20-22 cm 419 8.8 19.8 5.2 19.0 9 61.9
38-40 cm 764 10.5 22.4 3.8 24.0 6 66.9
60-62 cm 328 8.2 32.3 6.1 24.4 3 73.8
80-82 cm 320 12.5 14.0 1.2 39.3 3 69.8
100-102 cm 301 16.3 25.6 4.0 18.3 4 68.1
140-142 cm 447 17.7 15.7 0.2 19.2 4 57.0
160-162 cm 322 23.3 21.1 0.0 22.7 7 74.2
178-179 cm 76 11.8 30.3 3.9 21.1 5 72.4
E32-12
0-2 cm 313 66.6 0.6 5.4 9.6 0 82.2
40-42 cm 205 65.9 1.5 2.0 10.2 2 81.5
60-62 cm 164 63.6 2.4 2.4 10.9 4 83.0
80-82 cm 29 62.1 0.0 0.0 3.4 0 65.5
(Table 2.3 cont’d.)
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E32-43
0-2 cm 291 3.4 9.9 2.4 20.2 13 48.6
20-22 cm 334 24.9 6.3 0.0 12.0 12 55.1
41-43 cm 345 26.1 5.8 6.1 13.9 12 63.8
100-102 cm 429 24.3 0.9 0.7 1.6 17 44.1
120-122 cm 254 17.6 12.5 8.6 37.1 2 77.7
140-142 cm 318 19.5 41.2 13.2 9.1 5 87.7
160-162 cm 347 6.8 2.3 0.0 0.0 17 26.2
180-182 cm 294 1.7 0.7 0.3 0.0 7 9.2
200-202 cm 241 11.2 16.9 1.2 12.0 10 50.8
240-242 cm 12 0.0 25.0 16.7 25.0 0 66.7
260-262 cm 349 23.2 31.8 5.4 21.8 2 84.2
280-282 cm 141 19.1 36.2 8.5 25.5 0 89.4
300-302 cm 55 27.3 7.3 0.0 23.6 4 61.8
(Table 2.3 cont’d.)
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E32-44
145-147 cm 327 11.0 0.6 0.9 0.9 25 38.8
165-167 cm 302 10.8 0.0 1.0 3.0 26 40.3
185-187 cm 333 4.8 0.3 1.8 0.9 36 43.7
225-227 cm 317 5.0 0.0 0.0 1.3 30 36.3
245-247 cm 339 3.2 0.9 0.6 1.8 25 31.6
265-267 cm 289 7.9 1.4 2.1 9.6 31 51.5
305-307 cm 328 2.7 0.3 1.5 0.0 31 35.4
325-327 cm 294 3.0 2.4 2.0 1.0 26 34.0
345-347 cm 311 2.5 3.5 4.8 0.0 28 39.0
365-367 cm 327 6.4 7.3 2.4 3.1 41 60.6
385-387 cm 296 6.7 4.7 5.4 1.7 36 54.9
405-407 cm 426 9.6 4.6 1.1 0.5 28 44.3
425-427 cm 372 1.6 5.4 2.7 0.5 31 41.4
445-447 cm 317 1.3 1.6 0.9 0.3 29 33.3
465-467 cm 327 0.6 8.9 2.4 0.0 35 46.5
485-487 cm 310 2.6 1.9 2.2 0.6 26 32.9
505-507 cm 601 3.8 3.9 2.6 0.7 31 42.0
525-527 cm 293 6.3 3.6 2.6 0.3 49 61.4
565-567 cm 316 1.6 0.9 4.4 0.3 30 37.0
(Table 2.3 cont’d.)
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E52-9 
0-1 cm 276 16.4 8.9 1.0 5.1 6 37.7
14-17 cm 349 10.9 20.3 6.9 8.3 19 64.9
46-48 cm 189 22.8 16.4 2.1 4.8 17 63.0
66-68 cm 404 11.9 28.1 12.3 9.9 8 70.1
86-88 cm 294 14.6 25.8 11.9 7.8 12 71.9
250-252 cm 224 8.5 31.7 5.8 12.1 12 70.1
290-292 cm 302 10.6 33.3 5.6 11.2 13 73.9
330-332 cm 412 9.0 21.6 4.9 6.1 17 59.0
370-372 cm 371 21.8 34.2 5.4 17.5 4 83.3
410-412 cm 262 25.2 31.3 14.5 11.1 6 88.2
450-452 cm 225 12.9 34.2 4.9 8.4 6 66.7
470-472 cm 302 12.6 26.2 8.3 12.9 14 73.5
489-490 cm 321 20.6 29.0 5.9 15.6 5 76.3
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DF87-14.TXT
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Figure 2.16 Percentages o f  abundant species in  core DF87-14. Species 
percentage in  assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
E32-12.TXT
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Figure 2.17 Percentages o f abundant species in  core E32-12. Species 
percentage in assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Figure 2.18 Percentages of abundant species in  core E32-43. Species 
percentage in  assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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E32-44.TXT
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Figure 2.19 Percentages of abundant species in  core E32-44. Species 
percentage in assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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E52-9.TXT
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Figure 2.20 Percentages of abundant species in  core E52-9. Species 
percentage in assemblage is on X-axis. Depth in core (cm) is on Y-axis. 
GC is Globocassidulina crassa. EG is Ehrenbergina glabra. CL is 
Cibicides lobatulus. AE is Angulogerina earlandi. DV is Discorbis 
vilardeboana. EE is Epistominella exigua.
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Angulogerina earlandi comprises a similar percentage of the fauna (< 15%) 
in the Carbonate Bank and Modem calcareous faunas.
Cibicides lobatulus comprises less than 10% of carbonate bank assemblages. 
Its greatest peak in concentration is below 20%. This is similar to the levels found in 
the Modem calcareous fauna. A  higher concentration of Cibicides lobatulus on the 
outer banks than on the inner shelf was expected, since the outer banks show higher 
current activity and C. lobatulus is an attached form.
Discorbis vilardeboana is found at about the same levels in the carbonate- 
bank fauna as in the Modem-calcareous fauna, less than 20% in most samples. A 
notable exception to this is core E32-44.
Ehrenbergina glabra varies between 1% and 41% of the carbonate bank 
fauna. In most cores, it is found in either low or high abundance and remains fairly 
constant throughout the core. However, E32-44 shows a high abundance o f 
Ehrenbergina glabra in the bottom of the core and a very low abundance at the top. 
This change may have been associated with an environmental change, although the 
environmental preferences of Ehrenbergina glabra are unknown.
Epistominella exigua is an important contributor to the carbonate bank fauna. 
It frequently comprises 30% to 40% of the assemblage, with peaks as high as 79%.
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Globocassidulina crassa does not comprise as great a percentage of the 
carbonate bank fauna as it does in the Modem calcareous fauna. It frequently makes 
up 25% of the carbonate bank fauna, but also is found at levels as low as 1%.
Agglutinated Fauna 
The agglutinated fauna in the Ross Sea takes two forms. Three coretop 
samples showed an abundant agglutinated assemblage, while three others showed a 
very sparse assemblage with fewer than ten specimens per ten gram sample. The 
abundant assemblage was found in two cores from the eastern Ross Sea and one from 
the JOEDES Basin, which is in the northwestern Ross Sea. The sparse assemblage 
was found in coretops from the Drygalski Basin in the western Ross Sea and in all 
downcore samples from all cores that contained either agglutinated assemblage. 
Miliammina earlandi comprises the majority of specimens in the sparse assemblage, 
with rare calcareous and other agglutinated forms. In the richer assemblages, 
Bathysiphon sp. A, Hormosinella ovicula, Miliammina earlandi, Textularia 
wiesneri, and Trochammina quadricamerata were the most numerous forms (Table
2.4). Ten centimeters downcore from the samples with such assemblages, the 
assemblage is the same as the sparse assemblage found in the other cores. Therefore, 
the sparse assemblage is probably the representation of a once-rich assemblage after 
taphonomic loss. The two coretops from the eastern Ross Sea that contain the 
abundant agglutinated assemblage were stained with Rose Bengal. In NBP9902-11, 
26 of 230 total specimens were stained and in NBP9902-12, 7 of 355 specimens were 
stained (Table 2.4). Hormosinella ovicula and Trochammina quadricamerata make
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Table 2.4 Benthic foraminiferal abundance data from NBP9902 coretops 
(number of specimens).
NBP9902-11NBP9902-11NBP9902-12 NBP9902-12 
Rose Bengal Rose Bengal
stained total stained total
Adercotyrma glomerata 0 4 1 28
Angulogerina earlandi 4 6 0 0
Astrononion sp. A 4 4 0 0
Bathysiphon sp. A 3 33 0 18
Eggerella bradyi 0 1 0 4
Globocassidulina crassa 0 2 0 0
Hormosinella ovicula 4 23 0 15
Miliammina earlandi 1 34 0 24
Reophax mortenseni 0 2 1 6
Textularia wiesneri 1 17 1 40
Textularia sp. A 0 5 0 4
Textularia sp. B 0 1 0 0
Trochammina ochracea 0 2 0 46
Trochammina quadricamerata 7 79 2 109
Trochammina tasmanica 1 8 2 45
Usbekistania charoides 0 0 0 5
Uvigerina asperula 1 1 0 0
Veleroninoides wiesneri 0 7 0 10
Vemeuilina minuta 0 1 0 1
26 230 7 355
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up the majority of stained specimens in NBP9902-11. However, in NBP9902-11, 8 
of the 26 stained specimens were calcareous forms. Most calcareous tests in 
NBP9902-11 showed signs of dissolution, even those which were stained with Rose 
Bengal. NBP9902-12 contained no calcareous forms. Trochammina quadricamerata 
and Trochammina tasmanica comprised most of the stained specimens in NBP9902- 
12.
Radiocarbon Dates
Six samples were dated using AMS radiocarbon dating for this study (Table
2.5). All of them were from samples that contained the carbonate bank fauna 
because those were the only samples with enough calcareous material for dating.
The dates that were within measurement limits ranged from 25,050 B.P. ±  240 to 
40,500 B.P. ± 1500. These dates are uncorrected. Two dates, both from core E32- 
44, were outside the maximum range of the dating method. In all samples except 
one, the dated material was multiple tests of the planktonic foraminifer 
Neogloboquadrina pachyderma. In the E32-12 sample, mixed benthic foraminiferal 
species were dated because there was not enough single-species material. The 
reservoir effect in Antarctic waters is very large (Domack et al., submitted A). They 
found that radiocarbon ages (adjusted for 813C) on foraminifera are older than those 
(also adjusted for 513C) taken on acid insoluble organic matter (Domack et al., 
submitted A). Thus, absolute dates given by radiocarbon dating from Antarctic 
waters are difficult to calibrate with calendar years. However, they are probably
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Table 2.5 Radiocarbon dates, provided by the University of Arizona.
Core Sample AMS date
E32-12 0-2cm 35,900+-740
DF87-14 140-142cm 40,500 ± 1500
E32-43 100-102cm 25,050 ± 240
E32-43 140-142cm 35.970+-790
E32-44 325-327cm 41,200
E32-44 445-447cm 40,600
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useful when considered in relation to other dates from the same area and on similar 
material.
Biogenic Silica Data 
Surface samples used in this study were analyzed for biogenic silica content 
so that overall foraminiferal counts and the relative abundances of species can be 
judged against a measurement of primary productivity (Figure 2.21). A correlation 
between benthic foraminiferal density (and presence o f opportunistic species) and 
biogenic silica was expected because biogenic silica is considered a proxy for 
primary productivity (Herguera, 1992). Analysis of biogenic silica data revealed two. 
groups of samples: a modem group and a Pleistocene group. Modem-calcareous 
samples show a range of biogenic silica from 3.7 to 8.5 weight percent, with an 
average of 5.0. Pleistocene samples range from 0.63 to 4.9 weight percent, with an 
average of 1.5. No samples from the eastern Ross Sea or the basins were analyzed 
for biogenic silica.
Discussion
Two factors are usually invoked to explain the distribution of benthic 
foraminifera in the deep-sea: water-mass position and productivity. The relative 
importance of these factors is under debate. Streeter (1973) and Schnitker (1974) 
were the first to suggest an association between bottom water masses and deep-water 
benthic foraminiferal distribution in the North Atlantic. Since then, the influence of 
water masses on foraminiferal distribution has been identified from most of the 
world’s ocean basins (see Schnitker, 1980; Schnitker 1994). One foraminiferal
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Figure 2.21 Surface samples on which biogenic-silica analysis was performed. 
Numbers are biogenic silica in weight percent.
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species that is commonly identified as associated with water masses is Epistominella 
exigua, which is abundant in Ross Sea samples. Epistominella exigua has been 
found in association with North Atlantic Deep Water and Arctic Bottom Water 
(Streeter, 1973; Schnitker, 1974; Weston and Murray, 1984), Pacific Bottom Water 
(Burke, 1981), and Indian Bottom Water (Corliss, 1979). However, High Salinity 
Shelf Water (HSSW) is the water mass that bathes the bottom of the entire Ross Sea 
(Anderson, 1984), so differing water conditions at the sediment/water interface are 
not an appropriate explanation for foraminiferal distribution in the Ross Sea. 
Therefore, surface productivity and water-mass relationships within the photic zone 
may better explain Ross Sea benthic foraminiferal distribution.
Two factors make the Ross Sea shelf special in respect to productivity and the 
utilization of organic material by benthic organisms: its depth and the seasonality of 
productivity. It is more appropriate to compare the Ross Sea continental shelf to the 
deep sea rather than to ordinary continental-shelf environments when considering the 
effect of surface productivity on benthic organisms in the Ross Sea because the Ross 
Sea continental shelf is a very deep shelf, with an average depth of around 500 m, 
whereas the majority of the world’s continental shelves fall mostly within the photic 
zone (200 m). Of even greater importance in the Antarctic is the seasonality of 
productivity. From winter to late spring, much of the Antarctic surface water is 
covered by a layer of sea ice thick enough to restrict phytoplankton growth (Burckle 
and Cirilli, 1987).
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Benthic foraminiferal productivity is related to the amount of available food, 
which in the deep sea takes the form of organic-carbon flux from surface waters 
(Gooday, 1996), and this flux is related to the amount of surface productivity 
(Lampitt and Antia, 1997). In places like the Ross Sea, where surface productivity is 
seasonal, there is a pulse of phytodetritus to the seafloor following a phytoplankton 
bloom. These pulses have been observed by Lampitt (1985) in the northeast Atlantic 
from 2000 m and 4000 m of water depth, Hecker (1990) on the northeastern Atlantic 
slope at depths between 450 m and 2400 m, and by Smith et al. (1996) from the 
central equatorial Pacific at abyssal depths.
In the present study, benthic-foraminiferal assemblages from sediments that 
are interpreted as forming off the edge of the receding Ross Ice shelf were examined 
for evidence of this ice-shelf edge bloom. As seasonal ice thins through melting, 
light reaches the nutrient-rich Antarctic waters and stimulates phytoplankton growth. 
The receding ice edge is a particularly productive area. Smith and Nelson (1985) 
observed a phytoplankton bloom in waters where melting ice had reduced salinity. 
This bloom extended as far as 250 km from the ice edge (Smith and Nelson, 1985). 
A phytoplankton bloom has also been observed at the edge of the Ross Ice Shelf (El- 
Sayed et al., 1983). The chlorophyll-a concentration was two- to four-fold less 200 
km from the ice shelf edge than it was at the barrier itself.
It is inadvisable to draw simple relationships between sediment organic 
carbon content and foraminiferal distributions because the link between benthic 
foraminifera and organic-carbon flux is complicated. There are three types of
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organic carbon: labile, resistant, and refractory (Middleburg et al., 1993). Labile 
material is used up quickly; resistant material is used more slowly; and refractory 
material is biologically inert (Loubere and Fariduddin, in press). Refractory material, 
which is the least useful to organisms, tends to be preserved in sediment (Loubere 
and Fariduddin, in press).
Despite problems relating benthic foraminiferal distribution to productivity, 
benthic foraminifera have been shown to respond to seasonal input of phytodetritus 
(Gooday, 1988, 1993, 1996). Assemblage diversity is lower in association with 
phytodetritus than under normal conditions (Gooday, 1988). Gooday (1993) 
identified benthic foraminiferal species that are associated with phytodetritus in the 
deep-sea. These species are Alabaminella weddellensis, Epistominella exigua, E. 
pusilla, and Tinogullmia riemanni. He also suggested that the distribution and 
abundance of Epistominella exigua is controlled by phytodetrital input (Gooday, 
1993). Of the species Gooday identified as phytodetrital indicators, Epistominella 
exigua is the only one which is a common species in the Antarctic.
Calcareous Benthic Foraminiferal Distribution 
The distribution of benthic foraminiferal faunas in the Ross Sea is controlled, 
to a great extent, by the interactions of two factors: incursion of Circumpolar Deep 
Water (CDW) onto the shelf and depth of the CCD. CDW mixes with shelf waters 
and forms Warm Core Water (WMCO). The distribution of modem calcareous 
foraminifera in the Ross Sea is limited to the area where the nutrient-rich WMCO 
extends into the photic zone and where the CCD does not inhibit production. In
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years when sea ice breaks up in the central Ross Sea, phytoplankton bloom in the 
nutrient-rich WMCO (Anderson, 1993). These blooms sustain the benthic 
foraminiferal community. When the sea ice breaks up late, or not at all, the 
phytoplankton are not present to sustain benthic foraminifera and foraminiferal 
production drops. Also, the phytoplankton do not take up CO2, causing a shallowing 
of the CCD, which obscures any calcareous foraminiferal activity that may occur 
during those years.
In the Pleistocene, when the northwestern carbonate banks were forming, the 
ice sheet was grounded just south of the carbonate banks. It probably terminated in 
an ice cliff at this time, rather than in the ice shelf seen today (Anderson, in press). 
CDW floows into the Ross Sea on top of dense HSSW today. The formation of sea 
ice near the continental shelf break would have allowed formation of HSSW nearer 
to the source of CDW (Figure 2.22). This would have allowed less mixing between 
HSSW and other water, leaving a very dense HSSW on which the CDW could 
upwell onto the shelf. Today, melting lowers the density of shelf waters, allowing 
them to more easily mix with WMCO (Anderson et al., 1984). Sea-ice melting 
would also have decreased the density of surface waters in the Pleistocene, allowing 
mixing of surface water and CDW. Planktonic foraminifera are abundant in the 
carbonate bank sediments, suggesting seasonally open-water conditions. These two 
factors, elevated formation of HSSW and mixing of surface waters and CDW, would 
have allowed more WMCO to intrude onto the shelf than does today, or may have 
allowed a similar flux of WMCO, but into a greatly reduced area.
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Figure 2.22 Hypothesized Pleistocene temperature profile across the western Ross 
Sea, with position of the CDW stippled.
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Uncorrected radiocarbon dates of northwestern carbonate bank material range 
from 22,730 (Taviani et al., 1993) to 40,500 B.P. ± 1500 (this study). The dated 
sediments were taken from between 5 and 13 cm in most cores, with a second, 
deeper interval dated for a few cores. Domack et al. (submitted A) dated surface 
sediments in same area and found uncorrected dates ranging from 1,085 to 20,895 
B.P., with many of the sediments being just a few thousand years old. Uncertainty 
inherent in radiocarbon dating in the Antarctic (Omoto, 1983; Domack, submitted A) 
could mean some of these sediments may actually be modem. Therefore, formation 
of carbonate may have continued into the present in the northwestern Ross Sea, in 
part due to continued water-mass mixing and incursion of the CDW onto the shelf. 
However, the accumulation of carbonate has slowed from the time of maximum ice, 
for which Taviani et al. (1993) calculate accumulation rates of up to 15 cm/1000 yr. 
The rapid accumulation in the past was probably due to the greater input o f nutrients 
by enhanced water-mass mixing between CDW and shelf waters.
The tongue of CDW that intrudes onto the shelf today is thicker on the 
western side of the Ross Sea. If this also was true in the Pleistocene, then on the 
western side of the carbonate bank, flux of nutrient-rich waters may have been much 
greater than today. A greater nutrient input would support the growth of healthy 
planktonic, microbenthic, and macrobenthic communities. On the eastern bank, the 
CDW flux would have been less, supporting the planktonic and benthic foraminiferal
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communities, but not sustaining the other benthic organisms found on the western 
bank.
Agglutinated Faunal Distribution 
The agglutinated fauna is found in the eastern Ross Sea and deep basins. 
Samples from Drygalski Basin are from very deep water (>750 m) and contain the 
sparse-agglutinated assemblage. The eastern Ross Sea and JOIDES Basin samples 
are from between 550 and 585 m of water depth and contain the abundant- 
agglutinated assemblage. The CCD is around 600 m in the Ross Sea, but fluctuates 
dramatically (Kennett, 1966). The possibility that agglutinated foraminifera 
distributions were controlled by the CCD was tested in the present study. However, 
the common foraminifera in the abundant agglutinated assemblage did not have 
calcareous cement, so are not affected by carbonate dissolution beneath the CCD. 
Also, calcareous foraminifera found in the coretop of NBP9902-11 show signs of 
dissolution, suggesting that it is found within the lysocline. The coretop NBP9501- 
39 contains only one calcareous specimen and the coretop of NBP9902-12 is barren 
of foraminifera. Therefore, all agglutinated assemblages were probably sampled 
from beneath the lysocline or CCD.
Ten centimeters below rich assemblages, the same type of sparse assemblage 
found in the other cores occurs, and. probably the represents the rich assemblage 
after taphonomic loss. The two cores from the eastern Ross Sea were sampled on 
shipboard, making them the freshest samples examined during this study. They 
underwent the least transport before processing, had the least amount of time to be
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affected by chemical changes, and had the least opportunity for the delicate 
agglutinated specimens to disaggregate. This may be why the agglutinated 
specimens in their surface samples were still intact.
Barren Areas
The region of the modem Ross Sea barren of calcareous benthic foraminifera 
fluctuates, but corresponds with three overlapping zones. The first is a zone where 
the water depth is great enough to be always beneath the CCD. The second zone is 
covered with sea-ice throughout most years, and also has a shallow CCD (Anderson, 
1972). The third is the zone where the WMCO does not reach, into the photic zone 
and does not, therefore, support a phytoplankton community.
It is important to understand that although a sample contains no calcareous 
foraminifera, foraminifera may still live in the area. Probably, there are no 
agglutinated foraminifera in the majority of the samples used in this study because of 
post-sampling taphonomy. Chemical changes within the core, inevitable due to 
warming during shipping, and movement of the core during shipping and sampling 
contribute to the disaggregation of agglutinated specimens.
Historical Record
Unfortunately, it is not possible to construct an historical record using the 
downcore shifts in foraminiferal assemblages in the cores used in this study. In 
agglutinated fauna samples, downcore changes in assemblage are probably related to 
taphonomy, and in Modem-calcareous fauna samples, no significant downcore shifts 
are observed. In the carbonate-bank fauna, shifts are observed, but the situation is
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more complicated. Previous studies (Anderson et al., 1984; Taviani et al., 1993; 
Anderson, in press; Domack et al., submitted A) have noted that material from the 
carbonate bank in the northwestern Ross Sea appears to have been transported and 
sorted. Faunal shifts observed in the cores are most likely artifacts.
Biogenic Silica
Biogenic silica data do not relate to foraminiferal concentration. Samples 
analyzed for biogenic silica content were collected within an area from which Burkle 
et al. (1987) report high diatom productivity. According to Burkle and Cirilli (1987), 
today these samples lie with a zone of good diatom preservation. The biogenic silica 
content in modem surface sediments is higher than that of Pleistocene surface 
sediments probably because the Pleistocene surface sediments have been exposed for 
a greater period of time, allowing winnowing, biological activity, and chemical 
dissolution to strip the biogenic silica from those sediments. Therefore, difference in 
biogenic silica content is not indicative of the original amount of biogenic silica 
deposited with those sediments, but only of what is left.
Comparison of Arctic and Antarctic Faunas 
A comparison of Arctic and Antarctic foraminifera is useful because it allows 
us to see which elements of the Antarctic fauna are due to low water temperature and 
which are due to the productivity regime. In this context, the most useful recent 
papers about Arctic foraminifera are Jennings and Helgadottir (1994) and 
Wollenburg and Mackensen (1998). Both of these papers focused on offshore 
eastern Greenland.
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Offshore eastern Greenland and Ross Sea environments have two major 
similarities. The Arctic and Antarctic seas both have seasonally ice-free areas with 
high primary production, as well as permanently ice-covered, oligotrophic areas 
(Wollenburg and Mackensen, 1998; Osterman and Kellogg, 1979).
Eastern Greenland and the Ross Sea also differ substantially. Shelfal water 
depths in these two regions are very different. The water depth of the shelf off 
eastern Greenland is 200-300 m, except in the vicinity of fjords (Jennings and 
Helgadottir, 1994). The average water depth of the Ross Sea shelf is 500 m 
(Anderson et al., 1984).
Antarctic and Arctic benthic foraminiferal faunas are dissimilar, despite the 
fact that cold-water offshore species are widely distributed, so bipolar species 
distributions would not be unusual. The most conspicuous difference between the 
Arctic and Antarctic benthic foraminiferal faunas lies in their broad characters. The 
Arctic shelfal fauna is a mixed calcareous and agglutinated assemblage (Jennings and 
Helgadottir, 1994). In the Antarctic, calcareous and agglutinated species are not 
usually found together (Osterman and Kellogg, 1979; this study).
The most common calcareous species on the seasonally-ice free east 
Greenland shelf are Cassidulina reniforme, C. teretis, Elphidium excavatum, and 
Cibicides lobatulus (reported as Lobatula lobatula) (Jennings and Helgadottir, 1994). 
Found in association with the species listed above are the agglutinated species 
Textularia earlandi, Spiroplectammina biformis, Trochammina nana, and 
Saccammina difflugiformis (Jennings and Helgadottir, 1994). In the Ross Sea, the
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most abundant species are Angulogerina earlandi, Cibicides lobatulus, Discorbis 
vilardeboana, Ehrenbergina glabra, Epistominella exigua, and Globocassidulina 
crassa (this study). Nonetheless, Cibicides lobatulus is common in both regions and 
both Cassidulina teretis and Elphidium excavatum (found commonly in Arctic 
sediments) are found as accessory species in the Antarctic.
The occurrence of one other species in both Arctic and Antarctic waters bears 
mentioning. Adercotryma glomerata, an agglutinated foraminifer, is the dominant 
species at the Morris Yesup Rise in the permanently ice-covered region off 
Greenland (Wollenburg and Mackensen, 1998). This species also makes up a 
significant proportion of the assemblage in the usually ice-covered eastern Ross Sea 
(this study).
Arctic and Antarctic benthic foraminiferal faunas share some species. 
However, the differences between these two faunas are more striking than the 
similarities. This suggests that temperature and productivity regime are not the only 
factors that control their distribution. Local biogeographic history and dispersal 
barriers have played a most significant role.
Conclusions
Earlier works (Domack, 1982; Domack et al., 1988; Anderson, 1993) have 
suggested an association between ice-shelf position and Antarctic marine carbonate 
formation. This study suggests there is another link between the two, at least in the 
Ross Sea. The amount of CDW that reaches onto the continental shelf is influenced 
by ice sheet position. Since the location of the CDW is a controlling factor in the
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distribution of calcareous foraminifera in the Ross Sea, it is probable that ice sheet 
position has a direct effect of benthic foraminiferal distribution. The reason benthic 
foraminifera are not useful for tracing the ice sheet is probably the lack of 
preservation in the cores rather than the nature of the original biota.
There are two calcareous foraminiferal faunas in the Ross Sea. In both of 
these faunas, the numerically important contributors are Angulogerina earlandi, 
Cibicides lobatulus, Discorbis vilardeboana, Ehrenbergina glabra, Epistominella 
exigua, and Globocassidulina crassa. Foraminiferal abundance and diversity 
distinguish the faunas. In the Modem-calcareous fauna, both of these measures are 
much lower than in the carbonate-bank fauna.
The Modem-calcareous fauna is found in areas where the CDW upwells into 
the photic zone allowing phytoplankton production, unless the sediment surface falls 
beneath the CCD. The carbonate bank fauna formed during the Pleistocene at a time 
when the upwelling of the CDW was most likely greater than today. A detailed 
history of the bank can not be deciphered because of sediment mixing.
The agglutinated fauna is found beneath the CCD and where the CDW does 
not upwell into the photic zone. This fauna takes two forms. The abundant- 
agglutinated fauna contains a numerically rich and somewhat diverse assemblage. 
The sparse-agglutinated fauna contains only resistant forms of the abundant 
assemblage, with Miliammina earlandi as the dominant form, and thus probably 
represents the abundant assemblage after taphonomic loss.
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Chapter 3: Taxonomy of Ross Sea Benthic Foraminifera
Introduction
This chapter deals with the taxonomy of the 128 species identified in this 
study. Included are a section on taxonomic placement of species with generic and 
suprageneric placements according to Loeblich and Tappan (1987), and a literature 
reference list for all species utilized in this study that have been previously identified. 
Comments are made for species that comprise >2% of any sample with >100 
foraminiferal specimens. Brief descriptions are provided for new species, although 
they are not formally established in this work. Antarctic bathyal foraminifera are 
very diverse, and many species, especially the extremely rare ones, have not been 
described. Illustrations of most identified taxa are given in plates (3.1-3.23), grouped 
together after the taxonomic section for ease of use. Eleven rare species could not be 
pictured because the specimens were severely damaged.
Order Foraminiferida 
Suborder Textulariina 
Superfamily Astrorhizacea 
Family Bathysiphonidae 
Bathysiphon sp. A 
(Plate 3.1, Figure 1)
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Description:
This is a coarsely agglutinated, tubular form. This species is unidentifiable 
on the basis of specimens examined.
Superfamily Ammodiscacea 
Family Ammodiscidae 
Subfamily Usbekistaniinae 
Usbekistania charoides (Jones and Parker)
[= Trochammina squamata var. charoides Jones and Parker 1860]
(Plate 3.1, Figure 2)
Superfamily Rzehakinacea 
Family Rzehakinidae 
Miliammina earlandi Loeblich and Tappan 1955 
(Plate 3.1, Figure 3)
Superfamily Hormosinacea 
Family Hormosinidae 
Subfamily Reophacinae 
Hormosinella ovicula (Brady)
[=Reophax ovicula Brady 1879]
(Plate 3.1, Figure 4)
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Remarks:
There is doubt about the attribution of this species. The specimens found in 
my study have a coarse, irregular texture, like that pictured by Echols (1971). In the 
original figures, however, Brady illustrates a specimen with a much finer texture. 
See Jones (1994) for an explanation of the generic change from Reophax.
Reophax mortenseni Hofker 1972 
(Plate 3.2, Figure 1)
Superfamily Lituolacea 
Family Haplophragmoididae 
Haplophragmoides canariensis (d’Orbigny)
[=Nonionina canariensis d ’Orbigny 1839a]
(Plate 3.2, Figure 2)
Veleroninoides wiesneri (Parr)
[=Labrospira wiesneri Parr 1950]
(Plate 3.2, Figure 3)
Remarks:
The generic name of this species has been changed to Veleroninoides. See 
Jones (1994), p. 45, for explanation.
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Superfamily Haplophragmiacea 
Family Ammosphaeroidinidae 
Subfamily Ammosphaeroidininae 
Adercotryma glomerata (Brady)
[=Lituola glomerata Brady 1878]
(Plate 3.2, Figure 4)
Cystammina pauciloculina (Brady) 
[=Trochammina pauciloculina Brady 1879] 
(Plate 3.2, Figure 5)
Superfamily Trochamminacea 
Family Trochamminidae 
Subfamily Trochammininae 
Trochammina glabra Heron-Alien and Earland 1932 
(Plate 3.2, Figure 6)
Trochammina ochracea (Williamson) 
[=Rotalina ochracea Williamson 1858]
(Plate 3.3, Figure 1)
Trochammina quadricamerata Echols 1971 
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(Plate 3.3, Figure 2)
Trochammina tasmanica Parr 1950 
(Plate 3.3, Figure 3)
Trochammina sp. A 
(Plate 3.3, Figure 4)
Description:
Large agglutinated test, composed of sand grains with calcareous cement, 
plano-convex, trochospiral. Chambers inflated, margin lobate, umbilicus filled. 
Sutures depressed. Aperture interiomarginal.
Superfamily Conotrochamminidae 
Family Vemeuilinidae 
Subfamily Vemeuilininae 
Vemeuilina minuta Wiesner 1931 
(Plate 3.3, Figure 5)
Superfamily Textulariacea 
Family Eggerellidae 
Subfamily Eggerellinae 
Eggerella bradyi (Cushman)
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\_-Vemeuilina bradyi Cushman 1911] 
(Not pictured)
Eggerella sp. A 
(Plate 3.4, Figure 1)
Description:
Finely agglutinated, trochospiral to triserial, size increasing greatly in width 
with each whorl. Cross-section of test triangular. Aperture low interiomarginal slit.
Eggerella sp. B 
(Not pictured)
Description:
Finely agglutinated, becoming triserial in maturity.
Remarks:
This species differs from Eggerella sp. A in that its test does not flare, but 
remains roughly the same width after the early growth stage.
Family Textulariidae 
Subfamily Textulariinae 
[=Textularia wiesneri Earland 1933] 
(Plate 3.4, Figure 2)
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Textularia sp. A 
(Plate 3.4, Figure 3)
Description:
Small, finely agglutinated, biserial species. Sutures somewhat depressed. 
Chambers indented at periphery.
Textularia sp. B 
(Plate 3.4, Figure 4)
Description:
Extremely small, biserial species. Sutures indistinct. Terminal aperture loop­
shaped.
Remarks:
This species is less finely agglutinated than Textularia sp. A.
Suborder Spirillinina 
Family Spirillinidae 
Spirillina limbata Brady 1879 
(Plate 3.5, Figure 1)
Spirillina tuberculata Brady 1879 
(Plate 3.5, Figure 2)
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Family Patellinidae 
Subfamily Hergottellinae 
Patellina corrugata Williamson 1858 
(Plate 3.5, Figure 3)
Description:
High conical species with large number of ridges on superior side indicating 
presence of vertical septa.
Suborder Miliolna 
Superfamily Comusripacea 
Family Comuspiridae 
Subfamily Comuspirinae 
Comuspira involvens (Reuss)
[=Operculina involvens Reuss 1850]
(Plate 3.5, Figure 4)
Comuspira sp. A 
(Plate 3.5, Figure 5)
Description:
Slightly convex on one side, very concave on other. Proloculus encircled by 
single wound chamber. Distinguished from Comuspira involvens because the 
second chamber of C. sp. A does not increase in width as it coils.
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Superfamily Miliolacea 
Family Hauerinidae 
Subfamily Hauerininae 
Quiqueloculina sp. cf. Q. patagonica d’Orbigny 1839a 
(Plate 3.6, Figure 1)
Quinqueloculina sp. A 
(Plate 3.6, Figure 2)
Remarks:
This species is distinguished from Quiqueloculina sp. cf. Q. patagonica 
because its width to length ratio is greater.
Subfamily Miliolinellinae 
Biloculinella irregularis (d’Orbigny)
[=Biloculina irregularis d ’Orbigny 1839a]
(Plate 3.6, Figure 3)
Biloculinella sp. A 
(Plate 3.6, Figure 4)
Remarks:
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Biloculine in maturity. Aperture covered with broad flap. Distinguished 
from B. irregularis because it is less globular and its chambers are more distinct.
Cruciloculina triangularis d ’Orbigny 1839 
(Plate 3.6, Figure 5)
Miliolinella circularis (Bomemann) 
[=Triloculina circularis'Bomemann 1855] 
(Plate 3.6, Figure 6)
Miliolinella sp. A 
(Plate 3.7, Figure 1)
Description:
Smaller and less globular than M. circularis. Sutures flush with test surface 
and very difficult to discern.
Miliolinella sp. B 
(Plate 3.7, Figure 2)
Description:
Very small, translucent specimens, may be juveniles o f a known species. 
Sutures, opaque, flush with test.
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Pyrgo subglobulus Parr 1950 
(Plate 3.7, Figure 3)
Pyrgoella globiformis (Karrer) 
[=Biloculina globiformis Karrer 1867] 
(Plate 3.7, Figure 4)
Triloculina trigonula (Lamarck)
[:=Miliolites trigonula Lamarck 1804] 
(Plate 3.7, Figure 5)
Triloculina sp. A 
(Plate 3.7, Figure 6)
Description:
Longer and narrower than Triloculina trigonula. Sutures flush with test 
surface and more opaque than rest of test.
Subfamily Sigmoilinitinae 
Sigmoilina umbonata Heron-Alien and Earland 1922 
(Plate 3.8, Figure 1)
Remarks:
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When Heron-Alien and Earland (1922) defined this species, they were 
concerned that it might be a juvenile form of another miliolid. However, they did not 
find any transitional forms between Sigmoilina umbonata and any other miliolids 
found at the same station. In this study, this species was found consistently 
throughout the Ross Sea and there was no evidence that it may be a juvenile of 
another form; therefore, it is considered to be a valid species.
Suborder Lagenina 
Superfamily Nodosariacea 
Family Nodosariidae 
Subfamily Nodosariinae 
Dentalina inomata d’Orbigny var. bradyensis (Dervieux)
[=Nodosaria inomata (d’Orbigny) var. bradyensis Dervieux 1894]
(Not pictured)
Pseudonodosaria bradii (Silvestri)
[=Lingulonodosaria bradii Silvestri 1903]
(Plate 3.8, Figure 2)
Subfamily Lingulininae 
Lingulina vitrea Heron-Allen and Earland 1932 
(Not pictured)
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Family Vaginulinidae 
Subfamily Lenticulininae 
Lenticulina convergens (Bomemann)
[-Cristellaria convergens Bomemann 1855]
(Not pictured)
Marginulinopsis sp. A 
(Plate 3.8, Figure 3)
Description:
Initially planispiral, uncoiling to become uniserial and rectilinear, with 
angular periphery. Aperture terminal and radiate. Sutures flush with test and 
opaque.
Family Lagenidae 
Lagena acuticostci Reuss 1862 
(Plate 3.9, Figure 1)
Lagena apiculata (Reuss)
[=Oolina apiculata Reuss 1851]
(Plate 3.9, Figure 2)
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Lagena hispidula Cushman 1913 
(Plate 3.9, Figure 3)
Lagena striata (Montague) var. interrupta Williamson 1848 
(Plate 3.9, Figure 4)
Remarks:
Has short neck. Test covered with longitudinal costae that sometimes 
bifurcate.
Lagena sp. A 
(Plate 3.9, Figure 5)
Description:
Triangular in cross-section, has three peripheral keels running lengthwise. 
Test covered with small, subparallel, irregular costae that bifurcate and do not always 
run length of test. Has short neck.
Family Ellipsolagenidae 
Subfamily Oolininae 
Oolina apiculata Reuss 1851 
(Plate 3.9, Figure 6)
Oolina exsculpta (Brady)
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[=Lagena exsculpta Brady 1881]
(Plate 3.10, Figure 1)
Oolina sp cf. O. globosa (Montagu)
[=Vermiculum globosum Montagu 1803]
(Plate 3.10, Figure 2)
Description:
Globular form. Aperture simple, small, circular opening. Very short spine at 
aboral end.
Oolina hexagona (Williamson)
[=Entosolenia squamosa (Montagu) var. hexagona Williamson 1848]
(Plate 3.10, Figure 3)
Oolina inomata  d’Orbigny, 1839a 
(Plate 3.10, Figure 4)
Oolina laevigata (Reuss)
[=Fissurina laevigata Reuss 1850]
(Plate 3.10, Figure 5)
Oolina squamosa-sulcata (Heron-Allen and Earland)
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[=Lagena squamosa-sulcata Heron-Alien and Earland 1922]
(Plate 3.10, Figure 6)
Remarks:
Brady (1884) called this species a form of Oolina melo. However, O. melo is 
covered with geometric forms over the entire test. Oolina squamosa-sulcata is only 
covered with geometric forms on its oral half. On the basal half, O. squamosa- 
sulcata is striated. Brady (1884) figures a specimen that looks like O. squamosa- 
sulcata. They described it as an intermediate form of O. melo; however, Heron- 
Alien and Earland (1922) found it consistently enough in the Antarctic that they 
decided it should be declared a species in its own right.
Oolina vilardeboana d ’Orbigny 1839a 
(Plate 3.11, Figure 1)
Oolina sp. A 
(Not pictured)
Description:
Single-chambered, globular, and unomamented. Neck conical, with simple 
circular aperture at end.
Oolina sp. B 
(Plate 3.11, Figure 2)
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Description:
Unomamented form with thick rim around small, circular aperture.
Subfamily Ellipsolageninae 
Fissurina alveolata (Brady)
[=Lagena alveolata Brady 1884]
(Plate 3.11, Figure 3)
Fissurina earlandi Parr 1950 
(Not pictured)
Fissurina laevigata Reuss 1850 
(Not pictured)
Fissurina sp. cf. F. radiata Seguenza 1862 
(Plate 3.11, Figure 4)
Fissurina sp.cf. F. trigono-marginata (Parker and Jones)
Lagena sulcata Walker and Jacob var. trigono-marginata Parker and Jones 1865]
(Plate 3.11, Figure 5)
Fissurina sp. A 
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(Plate 3.11, Figure 6)
Description:
Compressed form with no ornamentation. Covered with small pores.
Subfamily Parafissurininae 
Parafissurina clavigera (Buchner) 
[-Lagena clavigera Buchner 1940] 
(Plate 3.12, Figure 1)
Parafissurina pseudomarginata (Buchner) 
[=Lagena pseudomarginata Buchner 1940] 
(Plate 3.12, Figure 2)
Family Glandulinidae 
Subfamily Glandulininae 
Laryngosigma antarctica Crespin 1960 
(Not pictured)
Suborder Robertinina 
Superfamily Robertinacea 
Family Robertinidae 
Subfamily Alliatininae
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Cerobertina bartrumi Finlay 1939 
(Plate 3.12, Figure 3)
Suborder Rotaliina 
Superfamily Bolivinacea 
Family Bolivinidae 
Bolivina sp. cf. B. spathulata (Williamson)
\-Textularia variablis Williamson var. spathulata Williamson 1858]
(Plate 3.12, Figure 4)
Bolivina sp. cf. textilaroides Reuss 1863 
(Plate 3.12, Figure 5)
Superfamily Cassidulinacea 
Family Cassidulinidae 
Subfamily Cassidulininae 
Cassidulina teretis Tappan 1951 
(Plate 3.13, Figure 1)
Cassidulinoides parkeriana (Brady)
[=Cassidulina parkeriana Brady, 1881]
(Plate 3.13, Figure 2)
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Remarks:
This is a highly variable species. Some specimens uncoil more slowly than 
others so only the last few chambers are uncoiled; while in other specimens, 
uncoiling begins early and only a small portion of the test is coiled. Most specimens 
are much longer than wide, so it can be difficult to recognize the rare wide specimen 
as the same species. Coiled specimens closely resemble Globocassidulina crassa. It 
is possible to tell the difference because the C. parkeriana aperture is a slit on top of 
the specimen, while the aperture of G. crassa is a loop on the side of the specimen.
Cassidulinoides sp. A 
(Plate 3.13, Figure 3)
Description:
Uniserial, initially coiled. Prominent looped aperture in final chamber. 
Unomamented. Sutures slightly depressed.
Globocassidulina crassa (d’Orbigny)
[=Cassidulina crassa d ’Orbigny, 1839a]
(Plate 3.13, Figure 4)
Remarks:
G. crassa closely resembles G. biora. The difference the is plate in aperture 
of G. biora that divides the aperture in two. G. subglobosa has also been described 
from the Ross Sea by Fillon (1974), Anderson (1975a, 1975b), Osterman and
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Kellogg (1979), and Milam and Anderson (1981). The specimens found in this study 
appear to be G. crassa instead of G. subglobosa because they are more compressed 
than G. subglobosa. The apertures of G. crassa specimens variable. Some are slit­
like, others are loop-shaped.
Globocassidulina biora (Crespin)
[=Cassidulina biora Crespin 1960]
(Plate 3.13, Figure 5)
Remarks:
See comment for G. crassa.
Subfamily Ehrenbergininae 
Ehrenbergina glabra Heron-Alien and Earland 
[=Ehrenbergina hystrix Brady var. glabra Heron-Allen and Earland 1922]
(Plate 3.13, Figure 6)
Remarks:
This species differs from E. hystrix in that the spines on E. glabra are found 
only on the margin of the test, while the spines of E. hystrix cover its test.
Superfamily Turrilinacea 
Family Stainforthiidae
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Hopkinsina pacifica Cushman 1933 
(Plate 3.14, Figure 1)
Superfamily Buliminacea 
Family Buliminidae 
Bulimina aculeata d ’Orbginy 1826 
(Not pictured)
Bulimina sp. A 
(Plate 3.14, Figure 2)
Description:
Finely perforate triserial form. Sutures slightly depressed. Aperture has rim 
and plate.
Family Buliminellidae 
Buliminella basicostata Parr 
(Plate 3.14, Figure 3)
Buliminella sp. A 
(Plate 3.14, Figure 4)
Descriptions:
Very high trochospiral form. Elongate test. Aperture loop-shaped.
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Remarks:
This species differs from Buliminella basicostata in that the early portion is 
not as rounded as that of B. basicostata.
Subfamily Uvigerininae 
Uvigerina canariensis d ’Orbigny 1839b 
(Not pictured)
Uvigerina asperula Czjzek 1848 
(Plate 3.15, Figure 1)
Uvigerina sp. A 
(Plate 3.15, Figure 2)
Description:
Triserial, rounded form. Long and narrow with no ornamentation. Neck 
slightly flared and crimped. Test comes to a point at other end. Sutures depressed, 
chambers inflated.
Subfamily Angulogerininae 
Angulogerina earlandi Parr 1950 
(Plate 3.15, Figure 3)
Remarks:
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This species has been identified under several different names in the 
Antarctic. Uchio (1960), Pflum (1966), and Herb (1971) identified it as 
Angulogerina angulosa; Anderson (1975a, 1975b) as Trifarina angulosa; and 
Osterman and Kellogg (1979) as Trifarina earlandi. The costae in Ross Sea 
Angulogerina earlandi are not as well-defined as those in true Angulogerina 
angulosa. They are quite variable in size, so it is possible to mistake juvenile forms 
for another species.
Superfamily Fursenkoinacea 
Family Fursenkoinidae 
Fursenkoina sp. cf. F. davisi (Chapman and Parr)
[=Virginulina davisi Chapman and Parr 1937]
(Plate 3.15, Figure 4)
Fursenkoina sp. A 
(Plate 3.16, Figure 1)
Description:
Very small, translucent, delicate form. Biserial and ovate in section. 
Aperture loop-shaped.
Suggrunda robusta (Brady)
[=Bulimina robusta Brady 1884]
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(Plate 3.16, Figure 2)
Superfamily Annulopatellinacea 
Family Eponididae 
Subfamily Eponidinae 
Eponides tumidulus (Brady)
[=Truncatulina tumidula Brady 1884J 
(Plate 3.16, Figure 3)
Eponides(l) sp. A 
(Plate 3.16, Figure 4)
Description:
Small biconvex, trochospiral form with carinate periphery. Test has sugary 
texture on umbilical side. On spiral side, first chamber circular and larger than later 
chambers that surround it. All specimens broken. Aperture possibly interiomarginal.
Eponidesip. ) sp. B 
(Plate 3.16, Figure 5)
Description:
Species convex and trochospiral. Has carinate margin and umbilicus.
Sutures flush with test, opaque, wide, limbate, and strongly curved. Aperture 
possibly interiomarginal.
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Eponides(7) sp. C
(Plate 3.16, Figure 6)
Description:
Small form with very depressed sutures and inflated chambers. All 
specimens fragmented.
Superfamily Discorbacea 
Family Discorbidae 
Discorbis tricamerata Heron-Allen and Earland 1932 
(Plate 3.17, Figure 1)
Discorbis vilardeboana (d’Orbigny) 
[=Rosalina vilardeboana d'Orbigny 1839a] 
(Plate 3.17, Figure 2)
Discorbis sp. A 
(Plate 3.17, Figure 3)
Description:
Convex trochospiral form. Large proloculus surrounded by chambers that 
increase in size. Chambers very distinct because sutures quite depressed.
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Family Rosalinidae 
Neoconorbina terquemi (Rzehak)
[—Discorbina terquemi Rzehak 1888]
(Plate 3.17, Figure 4)
Family Sphaeroidinidae 
Sphaeroidina bulloides d ’Orbigny 1826 
(Plate 3.17, Figure 5)
Superfamily Glabratellacea 
Family Heronalleniidae 
Heronallenia wilsoni (Heron-Allen and Earland)
[^Discorbina wilsoni Heron-Allen and Earland 1922]
(Not pictured)
Superfamily Discorbinellacea 
Family Parrelloididae 
Cibicidoides sp. A 
(Plate 3.18, Figure 1)
Description:
Biconvex form. Spiral side slightly convex. Sutures depressed. Chambers 
increase in size within whorl. On spiral side, later chambers appear V-shaped.
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Cibicidoides sp. B
(Plate 3.18, Figure 2)
Description:
Trochospiral, biconvex, with spiral side slightly convex. Sutures straight and 
somewhat depressed.
Family Pseudoparrellidae 
Subfamily Pseudoparrellinae 
Epistominella exigua (Brady)
[=Pulvinulina exigua Brady 1884]
(Plate 3.18, Figure 3, 4)
Remarks:
The distinguishing characteristic of Epistominella exigua is the thickened 
sutures on the dorsal side. The specimens of E. exigua from the Ross Sea are 
consistently small and vitreous, with a more rounded periphery when compared with 
those from the original description (Brady, 1884).
Superfamily Planorbulinacea 
Family Cibicididae 
Subfamily Cibicidinae 
Cibicides lobatulus (Walker and Jacob)
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[=Nautlilus lobatulus Walker and Jacob 1798]
(Plate 3.18, Figure 5)
Remarks:
Specimens of Cibicides lobatulus from the Ross Sea are generally less 
flattened and more consistent in shape than the forms found elsewhere.
Cibicides subhaidingerii Parr 1950 
- (Plate 3.18, Figure 6)
Cibicides variabilis (d’Orbigny)
[=Truncatulina variablis d ’Orbigny 1826]
(Plate 3.19, Figure 1)
Cibicides sp. A 
(Plate 3.19, Figure 2)
Description:
Small, trochospiral, low conical form. Sutures flush with test.
Cibicides sp. B 
(Plate 3.19, Figure 3)
Description:
Small form. Spiral side slightly concave.
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Cibicides sp. C
(Plate 3.19, Figure 4)
Description:
Spiral side flat. Umbilical side low conical.
Superfamily Nonionacea 
Family Nonionidae 
Subfamily Nonioninae 
Haynesina sp. A 
(Plate 3.19, Figure 5)
Description:
Small planispiral form, covered with small pores. Sutures slightly depressed.
Nonionella bradyi (Chapman)
[=Nonionina scapha (Fichtel and Moll) var. bradii Chapman 1917]
(Plate 3.20, Figure 1)
Remarks:
The difference between Nonionella bradyi and N. scapha is that N. bradyi is 
wholly evolute.
Nonion sp. cf. N. incrassatum Montfort 1808
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(Plate 3.20, Figure 2)
Nonion sp. A 
(Plate 3.20, Figure 3)
Description:
Small form. Sutures flush with test. Test covered with pores.
Nonion sp. B 
(not pictured)
Nonion sp. C 
(Plate 3.20, Figure 4)
Description:
Chambers increase within whorl. Final chambers appear to be slightly 
unrolled. Depressed sutures.
Nonion sp. D 
(Plate 3.20, Figure 5)
Description:
Oval-shaped and bi-convex. Sutures slightly depressed.
Subfamily Astrononioninae
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Astrononion antarticus Parr 1950 
(Plate 3.21, Figure 1)
Astrononion sp. A 
(Plate 3.21, Figure 2)
Description:
Somewhat depressed sutures. Test covered with small pores.
Astrononion sp. B 
(Plate 3.21, Figure 3)
Description:
Test covered with small pores. Small loop-shaped cavity under umbilical flap 
on every chamber.
Astrononion sp. C 
(Plate 3.21, Figure 4)
Description:
Inflated chambers and depressed sutures. Umbilicus not well-developed.
Astrononion sp. D 
(Plate 3.21, Figure 5)
Description:
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Sutures indistinct. Umbilicus filled.
Subfamily Pulleniinae 
Melonis affins (Reuss)
[=Nonionina affins Reuss 1851]
(Plate 3.22, Figure 1)
Melonis barleeanum (Williamson)
\=Nonionina barleeana Williamson 1858]
(Plate 3.22, Figure 2).
Melonis sp. A 
(Plate 3.22, Figure 3)
Description:
Involute planispiral form with opaque sutures flush with test surface. Has 
umbilicus and well-rounded periphery. Aperture narrow interiomarginal loop.
Pullenia subcarinata (d’Orbigny)
[=Nonionina subcarinata d ’Orbigny 1839a]
(Plate 3.22, Figure 4)
Pullenia bulloides (d’Orbigny)
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[=Nonionella bulloides d’Orbigny 1826] 
(Plate 3.22, Figure 5)
Superfamily Chilostomellacea 
Family Gavelinellidae 
Subfamily Gavelinellinae 
Gyroidina neosoldanii Brotzen 1936 
(Plate 3.22, Figure 6)
Gyroidina sp. A 
(Plate 3.23, Figure 1)
Description:
Plano-convex, trochospiral, umbilicate form. Test appears coarse-textured. 
Sutures radial and flush with test surface. Visible aperture low interiomarginal slit.
Superfamily Rotaliacea 
Family Rotaliidae 
Subfamily Ammoniinae 
Ammonia sp. A 
(Plate 3.23, Figure 2)
Description:
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Low trochospiral form. Umbilicus plugged with granules. Aperture 
interiomarginal. Sutures slightly depressed.
Family Elphidiidae 
Subfamily Elphidiinae 
Cribrononion sp. A 
(Not pictured)
Description:
Planispiral form with rounded periphery. Sutures slightly depressed and have 
openings into intraseptal canal, but not retral processes. Aperture is single row of 
pores at base of apertural face.
Elphidiella sp. A 
(Plate 3.23, Figure 3)
Description:
Involute planispiral form. Inflated chambers. Sutures straight, with rows of 
pores. Test appears coarse-textured. Aperture interiomarginal slit
Elphidium sp. A 
(Plate 3.23, Figure 4)
Description:
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Planispiral form with inflated chambers. Pores on sutures. Sutures 
depressed.
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Plate 3.1
Figure 1 Bathysiphon sp. A 
Figure 2 Usbekistania charoides 
Figure 3 Miliammina earlandi 
Figure 4 Hormosinella ovicula 
Scale bar = 50jam
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Plate 3.2
Figure 1 Reophax mortenseni
Figure 2 Haplophragmoides canariensis
Figure 3 Veleroninoides wiesneri
Figure 4 Adercotryma glomerata
Figure 5 Cystammina pauciloculina
Figure 6 Trochammina glabra
Scale bar = 50|im
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Plate 3.3
Figure 1 Trochammina ochracea 
Figure 2 Trochammina quadricamerata 
Figure 3 Trochammina tasmanica 
Figure 4 Trochammina sp. A 
Figure 5 Vemeuilina minuta 
Scale bar = 50pm
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Plate 3.4
Figure 1 Eggerella sp. A 
Figure 2 Textularia wiesneri 
Figure 3 Textularia sp. A 
Figure 4  Textularia sp. B 
Scale bar = 50pm
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Plate 3.5
Figure 1 Spirillina limbata 
Figure 2 Spirillina tuberculata 
Figure 3 Patellina corrugata 
Figure 4 Comuspira involvens 
Figure 5 Comuspira sp. A 
Scale bar = 50pm
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Plate 3.6
Figure 1 Quiqueloculina sp. cf. patagonica 
Figure 2 Quinqueloculina sp. A 
Figure 3 Biloculinella irregularis 
Figure 4 Biloculinella sp. A 
Figure 5 Cruciloculina triangularis 
Figure 6 Miliolinella circularis 
Scale bar = 50pm
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Plate 3.7
Figure 1 Miliolinella sp. A (Scale bar = 50 pm) 
Figure 2 Miliolinella sp. B (Scale bar = 50 pm) 
Figure 3 Pyrgo subglobulus (Scale bar = 200 pm) 
Figure 4 Pyrgoella globiformis (Scale bar = 50 pm) 
Figure 5 Triloculina trigonula (Scale bar = 50 pm) 
Figure 6 Triloculina sp. A (Scale bar = 50 pm)
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Plate 3.8
Figure 1 Sigmoilina umbonata 
Figure 2 Pseudonodosaria bradii 
Figure 3 Marginulinopsis sp. A 
Scale bar = 50pm
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Plate 3.9
Figure 1 Lagena acuticosta 
Figure 2 Lagena apiculata 
Figure 3 Lagena hispidula 
Figure 4 Lagena striata 
Figure 5 Lagena sp. A 
Figure 6 Oolina apiculata 
Scale bar = 50pm
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Plate 3.10
Figure 1 Oolina exsculpta 
Figure 2 Oolina sp cf. globosa 
Figure 3 Oolina hexagona 
Figure 4 Oolina inomata 
Figure 5 Oolina laevigata 
Figure 6 Oolina squamosa-sulcata 
Scale bar = 50pm
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Plate 3.11
Figure 1 Oolina vilardeboana
Figure 2 Oolina sp. B
Figure 3 Fissurina alveolata
Figure 4 Fissurina sp. cf. radiata
Figure 5 Fissurina sp.cf. trigono-marginata
Figure 6 Fissurina sp. A
Scale bar = 50pm
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Plate 3.12
Figure 1 Parafissurina clavigera 
Figure 2 Parafissurina pseudomarginata 
Figure 3 Cerobertina bartrumi 
Figure 4 Bolivina sp. cf. spathulata 
Figure 5 Bolivina sp. cf. textilaroides 
Scale bar = 50pm
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Plate 3.13
Figure 1 Cassidulina teretis 
Figure 2 Cassidulinoides parkeriana 
Figure 3 Cassidulinoides sp. A 
Figure 4 Globocassidulina crassa 
Figure 5 Globocassidulina biora 
Figure 6 Ehrenbergina glabra 
Scale bar = 50pm
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Plate 3.14
Figure 1 Hopkinsina pacifica 
Figure 2 Bulimina sp. A 
Figure 3 Buliminella basicostata 
Figure 4 Buliminella sp. A 
Scale bar = 50pm
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Plate 3.15
Figure 1 Uvigerina asperula 
Figure 2 Uvigerina sp. A 
Figure 3 Angulogerina earlandi 
Figure 4 Fursenkoina sp. cf. davisi 
Scale bar -  50pm
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Plate 3.16
Figure 1 Fursenkoina sp. A 
Figure 2 Suggrunda robusta 
Figure 3 Eponides tumidulus 
Figure 4 Eponides{?) sp. A 
Figure 5 Eponides(?) sp. B 
Figure 6 Eponidesil) sp. C 
Scale bar = 50pm
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Plate 3.17
Figure 1 Discorbis tricamerata 
Figure 2 Discorbis vilardeboana 
Figure 3 Discorbis sp. A 
Figure 4 Neoconorbina terquemi 
Figure 5 Sphaeroidina bulloides 
Scale bar = 50|xm
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Plate 3.18
Figure 1 Cibicidoides sp. A 
Figure 2 Cibicidoides sp. B 
Figure 3 Epistominella exigua 
Figure 4 Epistominella exigua 
Figure 5 Cibicides lobatulus 
Figure 6 Cibicides subhaidingerii 
Scale bar = 50pm
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Plate 3.19
Figure 1 Cibicides variabilis 
Figure 2 Cibicides sp. A 
Figure 3 Cibicides sp. B 
Figure 4 Cibicides sp. C 
Figure 5 Haynesina sp. A 
Scale bar = 50pm
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Plate 3.20
Figure 1 Nonionella bradyi
Figure 2 Nonion sp. cf. incrassatum
Figure 3 Nonion sp. A
Figure 4 Nonion sp. D
Figure 5 Nonion sp. E
Scale bar = 50pm
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Plate 3.21
Figure 1 Astrononion antarticus 
Figure 2 Astrononion sp. A 
Figure 3 Astrononion sp. B 
Figure 4 Astrononion sp. C 
Figure 5 Astrononion sp. D 
Scale bar = 50pm
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Plate 3.22
Figure 1 Melonis affins
Figure 2 Melonis barleeanum
Figure 3 Melonis sp. A
Figure 4 Pullenia subcarinata (d’Orbigny)
Figure 5 Pullenia bulloides (d’Orbigny)
Figure 6 Gyroidina neosoldanii Brotzen 1936 
Scale bar = 50|a.m
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Plate 3.23
Figure 1 Gyroidina sp. A 
Figure 2 Ammonia sp. A 
Figure 3 Elphidiella sp. A 
Figure 4 Elphidium sp. A 
Scale bar =  50pm
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Chapter 4: Relationship Between Benthic Foraminiferal Assemblages and 
Glacial Environments in the Ross Sea
Introduction
In this chapter, I explore the possibility of using benthic foraminifera to 
distinguish among paleoenvironments associated with the Ross Ice Shelf. Domack et 
al. (submitted B) reconstructed paleoenvironmental change since the last advance of 
the Ross Ice Shelf in glacially carved troughs in the western Ross Sea (Figure 4.1). 
They described four sedimentary facies: diamicton facies; muddy, "pelletized" gravel 
and sand facies; mud facies; and diatomaceous mud/ooze facies. They interpreted 
each of these sedimentary facies in the context of paleoenvironments associated with 
ice-shelf retreat. In the present study, benthic foraminiferal distributions in four of 
the cores described by Domack et al. (submitted B) were examined in the context of 
their sedimentary facies (Figure 4.2). Two other cores, not examined by Domack et 
al. (submitted B), that contain glacial sediments were also studied. If foraminiferal 
distribution could be related to environments associated with the ice shelf, this might 
allow tracking of ice-shelf retreat, through radiocarbon dating of benthic 
foraminiferal tests.
Ice Shelf
The Ross Ice Shelf is the largest modem ice shelf, currently covering an area 
of 550,000 km2 (Anderson et al., 1984). During the Last Glacial Maximum, ice 
extended to the margin of the Ross Sea continental shelf (Kellogg and Truesdale, 
1979; Kellogg et al. 1979; Anderson, 1984). Between that time and the present, the
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Figure 4.1 Study area of Domack et al. (submitted B).
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Figure 4.2 Study area. Dots are sample locations.
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ice shelf retreated and grounded on shallow banks of the inner shelf (Anderson,
1993). When sea level began to rise, the Ross Ice Shelf separated from these shallow 
banks and retreated to its present position (Anderson, 1993).
The Ross Ice Shelf grounding line, which delineates the boundary between 
the ice sheet and ice shelf, passed over JOIDES Basin (Figure 4.1) sometime between 
10 to 8 ka BP (Domack et al., submitted B). This migration took place in Drygalski 
Trough (Figure 4.1) by 11 ka BP (Domack et al., submitted B). The calving front of 
the Ross Ice Shelf retreated across Drygalski Trough at 74°S by 9.5 ka BP (Domack 
et al., submitted B).
In this study, an attempt is made to resolve the record of the ice sheet’s retreat 
using benthic foraminifera. Anderson (1975, Weddell Sea) and Milam and Anderson 
(1981, off Adelie Coast and the George V Coast) have described a sub-ice-shelf 
foraminiferal assemblage. Low diversity and the presence of robust, highly calcified 
species characterize this assemblage, and the dominant species are Cibicides 
refulgens, Ehrenbergina hystrix, Globocassidulina crassa, and G. subglobosa.
In terpretation of sedimentary facies by Domack et al. (submitted B) 
Domack et al. (submitted B) studied nineteen cores from N.B. Palmer cruises 
94 and 95 using sedimentologic, geotechnical, geochemical, and AMS radiocarbon 
data. Twenty samples from four of these cores were used in this study. Domack et 
al. (submitted B) identified sedimentary facies, which were found in the same 
succession in each of the four cores. They interpreted these sedimentary facies as 
representing distinct paleoenvironments.
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The basal sediment type in each of the four cores was a muddy diamicton, 
which is interpreted as a till. This till is made up of remolded sediments originally 
deposited in an open marine setting just before the Last Glacial Maximum (Domack 
et al., submitted B). The diamicton unit is overlain by a unit composed of muddy 
gravel and coarse sand which has been interpreted to represent an ice-shelf grounding 
line proximal environment (Domack et al., submitted B). In this environment, basal 
debris melts out of the ice and is deposited on the seafloor and currents that remove 
fine sediment (Domack et al., submitted B).
The next unit in the succession is a silty clay (mud) facies that also is 
considered to have formed underneath the ice shelf, but distal from the grounding 
line. The sediment is brought into this environment by a lateral transport of fine 
material from the grounding line proximal environment (Domack et al., submitted 
B).
The overlying unit is a diatomaceous mud/ooze facies that forms today in an 
open marine environment.
Methods and Materials
Thirty-nine samples from six kasten cores were examined for this study, 
twenty of which (those from N.B. Palmer cruise 9501) were previously examined by 
Domack et al. (submitted B). Cores were collected during N.B. Palmer cruises 9501 
and 9902. Samples from the NBP9501 cruise were obtained from the Antarctic 
Research Facility at Florida State University. Samples from the NBP9902 cruise 
were collected on shipboard during February, 1999. Cores NBP9501-30, NBP9501-
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31, NBP9501-37, and NBP9501-39 were taken from the Ross Sea at water depths of 
752 m, 878 m, 924 m, and 557 m, respectively. NBP9501-39 was taken from 
JOIDES Basin in the northwestern Ross Sea. The other three NBP9501 cores were 
taken from Drygalski Trough. The NBP9902 cores were taken from the southeastern 
Ross Sea in an area usually covered with sea ice year-round. NBP9902-11 is from a 
water depth of 578 m and NBP9902-12 is from 583 m of water.
NBP9501 samples were washed over a 63-micron sieve. Samples were 
density separated to concentrate foraminifera by centrifuging for 6 minutes at 1400 
rpm in a 2.5g/cc sodium polytungstate and water solution. Float and sink were rinsed 
with water and saved. Because no samples contained 300 specimens, the entire float 
was picked.
The two NBP9902 coretops were allowed to sit overnight in a Rose Bengal 
and water solution. They were washed over a 63 micron sieve and picked. The other 
NBP9902 samples were soaked overnight in a Calgon and water solution, washed 
over a 63 micron sieve, and picked.
Results
NBP9501 Samples
Nearly all of the twenty samples, which correspond with samples analyzed by 
Domack et al. (submitted B), contain fewer than ten foraminifera (Table 4.1). 
However, in three of the five samples which Domack et al. (submitted B) interpreted 
to be reworked subglacial till, there are a large number of calcareous foraminifera — 
over two hundred in each case. All three of those samples were from the NBP9501-
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Table 4.1 Abundance data of benthic foraminiferal species 
in environments recognized by Domack et al. (submitted B).
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25-26 open marine 2 l 0
30-31 ice shelf proximal 3 l 1
44-45 till/subglacial 4 0 0
NBP9501-31
9-11 open marine 4 1 2
116-118 ice shelf distal 1 0 5
NBP9501-37
0-2 open marine 1 0 0
20-21 open marine 2 1 0
80-82 ice shelf distal 0 0 0
93-95 ice shelf proximal 0 0 0
125-127 till/subglacial 0 0 0
150-152 till/subglacial 0 0 0
NBP9501-39
0-1 open marine 28 1 >150
50-51 open marine 0 3 0
190-192 open marine 2 0 2
208-210 ice shelf 1 2 0
220-222 till/subglacial 2 >200 1
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39 core, which is the only JOIDES basin core. JOIDES Basin is immediately south 
of the Ross Sea carbonate banks.
Foraminiferal assemblages of the grounding-line proximal and grounding-line 
distal units are indistinguishable. Both contain fewer than ten tests in each sample. 
The majority of the species are agglutinated. Miliammina earlandi is overwhelmingly 
dominant. The samples occasionally contain a few battered specimens of calcareous 
foraminifera common elsewhere in the Ross Sea (e.g. Angulogerina earlandi, 
Cibicides lobatulus).
All assemblages found within the diatomaceous mud unit are similar to those 
found in the ice-shelf grounding line proximal and distal units, except one. This 
sample, the coretop from NBP9501-39, showed abundant agglutinated foraminifera.
NBP9902 Samples
NBP9902 cores are from the eastern Ross Sea. These cores, sediments were 
divided into two categories: glacial sediment and modem diatomaceous muds the 
former with a higher sand content. Both NBP9902 coretops contain an abundant 
agglutinated assemblage similar to that found in the NBP9501-39 coretop (Table 
4.2). The assemblages in all downcore samples were similar to those found in all 
downcore NBP9501 samples.
Discussion
Because diamicton is sediment that has been reworked by ice, foraminifera in 
the diamicton may be assumed to be from an ice-shelf-related environment. Instead,
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Table 4.2 Abundance data of benthic foraminiferal species in 
NBP9902 cores.
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they are related to the conditions under which the sediments originally formed before 
the Last Glacial Maximum (Domack et al., submitted B).
It is surprising that the ice-shelf distal and ice-shelf proximal environments 
cannot be distinguished using benthic foraminifera. These environments are very 
different from each other. The abundant, agglutinated, surface assemblage found in 
this study differs from the sub -ice-shelf assemblage described by both Anderson 
(1975) and Milam and Anderson (1981) in that it contains fewer calcareous 
foraminifera. This is probably because the trough sediments are at great enough 
depths to be below the CCD, which is at 500 m (Kennett, 1966).
It is significant that downcore samples from within the diatomaceous mud unit, 
NBP9902-11 10-12 cm and NBP9902-12 10-12 cm, resembled those of glacial 
sediments. Because these samples come from the same facies as the coretops and 
contain only resistant species from coretop assemblages, it can be inferred that 
downcore samples represent the much richer assemblage after taphonomic loss. The 
rich assemblage is most likely common in the Ross Sea, but is not observed, because 
agglutinated foraminifera easily disintegrate. Thus, it is only seen in fresh samples of 
non-reworked material. The other coretop samples probably contain fewer 
agglutinated foraminifera, because of disaggregation, either due to reworking or to 
sampling and processing. Miliammina earlandi, the species found most abundantly 
in these samples, is a hardy form that does not disaggregate as easily as the 
foraminifera found in NBP9501-39 (0-1cm).
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Conclusions
Benthic foraminifera cannot be used to distinguish paleoenvironments 
associated with ice-shelf retreat. This is not because ice-shelf location has no effect 
on benthic foraminifera, but because reworking and taphonomic effects have erased 
the signal. Although some glacial till contains an abundant benthic foraminiferal 
assemblage, this sediment (and its foraminiferal assemblage) is reworked, therefore 
the foraminiferal assemblage of the till is relict and not related to ice-shelf 
environments. The ice-shelf proximal and ice-shelf distal environments were nearly 
barren of foraminifera and could not be distinguished. In three coretops, samples 
from an open-water environment were characterized by an abundant agglutinated 
foraminiferal assemblage. The sparse foraminiferal assemblage found downcore in 
the open-water sediments and in all sub-ice-shelf sediments represents a much richer 
agglutinated assemblage after taphonomic loss.
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Chapter 5: Opaline Spherule Distribution and Formation in Antarctic Waters
Introduction
Tiny opaline spherules (Plate 5.1) were observed in the washed (and floated) 
sediment residue when scanned for foraminifera. These spherules have been found 
in sediments representing various environments from both the Ross and Weddell 
Seas (Figure 5.1-5.3). The only other paper in which opaline spherules have been 
examined (Weiterman and Russell, 1986) was purely descriptive. In this study, a 
possible explanation of opaline-spherule formation is offered. Opaline spherules 
found in Ross and Weddell Sea sediments may be important paleoclimatic indicators. 
The relative abundance of these spherules is indicative o f seasonal sea-ice extent.
Geologic Setting
The Ross Sea extends more than 750,000 km2 between the Transantarctic 
Mountains and Marie Byrd Land in the northern part of the Ross Embayment. The 
southern part of the embayment is covered by the Ross Ice Shelf, one of the three 
major Antarctic ice shelves (Cooper et al, 1990). This ice shelf reached the edge of 
the continental shelf of the Ross Sea in the late Pleistocene and then receded to its 
present position (Anderson et al., 1993). There is a large Pleistocene carbonate bank 
in the northwestern Ross Sea (Taviani et al., 1993). In the central and southwestern 
regions, the sediments contain carbonate material, but are predominantly siliceous in 
nature.
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Plate 5.1 SEM micrographs of three opaline speherules.
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Figure 5.1 Sample locations. The two sampling areas are shown in 
greater detail in the following two figures.
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400*
Figure 5.2 Ross Sea sample locations. Dashed line is the estimated edge of 
the ice sheet grounding line at >20 ka according toLicht et al. (1996).
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Figure 5.3 Weddell Sea sample locations.
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Oceanographic Setting
Two main types of water masses comprise the waters of the Ross Sea. These 
are Low-Salinity Shelf Water (LSSW) and High-Salinity Shelf Water (HSSW) 
(Anderson et al., 1984). Circumpolar Deep Water (CDW) encroaches upon the Ross 
Sea, forming Warm Core Water (WMCO), which is the major source of nutrients in 
the Ross Sea. In the northwestern bank area, the lighter WMCO floats on the denser, 
colder HSSW (Figure 2.2). The WMCO layer continues south to the edge of the ice 
shelf in the western Ross Sea. As it moves southward, it rises from around 250 m 
into surface waters (<50 m) (Anderson, 1984). Another tongue of WMCO also 
enters the eastern Ross Sea, but it rises to the surface only in a very narrow region 
(Anderson, 1984). WMCO is warmer than LSSW and HSSW and contributes to the 
melting of sea and glacial ice (Anderson et al., 1984). The melting of sea ice during 
austral summer greatly reduces the salinity of surface waters.
M ethods and  M aterials 
This study includes 55 coretop and downcore samples from 9 cores. Seven of 
these cores were taken from the Ross Sea and 2 from the Weddell Sea. These 
samples were processed primarily for a foraminiferal study. Samples were washed 
over a 63-micron sieve. Samples with low foraminiferal numbers (<10 tests per 
gram sediment) and high quartz content were density separated, by centrifuging for 6 
minutes at 1400 rpm in an aqueous solution of sodium polytungstate (2.5g/cc). Both 
the float and sink were rinsed with water and saved. Opaline spherules remained in 
the float. The entire float from samples with small amounts of carbonate material
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was picked. One quarter of each o f the samples with high carbonate content was
treated with 10% HC1, rinsed, and picked for opaline spherules.
Some spherules were mounted on glass slides and thin-sectioned. The 
composition of these spherules was determined with an electron microprobe.
Opaline Spherule Description 
Weiterman and Russell (1986) originally described opaline spherules in 
sediments from cores taken along the western margin of the Ross Sea. They found 
these spherules in four different sedimentary environments: calcareous turbidites, 
fine sands, coarse ash, and diatomaceous muds (Weiterman and Russell, 1986).
Weiterman and Russell (1986) described the spherules as opaline ooids 
because they are concentrically layered in cross-section (Plate 5.2). Weiterman and 
Russell’s (1986) spherules range in diameter from 100 to 1,250 microns. The 
spherules examined in this study are of comparable size. Weiterman and Russell 
(1986) examined five spherules using an X-ray defraction analyzer and determined 
that they were opaline silica. Of the five spehrules examined, three had silica-free 
nuclei, and Weiterman and Russell (1986) suggested that the nucleus might have 
been organic. There was no evidence of organic nuclei in the present study.
In this study, a microprobe compositional analysis of several points on the 
cross-section of one sphemle showed between 85% and 100% opal (Table 5.1). 
Variation in composition of the sphemle seemed to be random. Point checks on 
three spherules showed them to be opaline. One sphemle was missing a nucleus, but 
it appears to have been dislodged while the thin-section was being polished.
190
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Plate 5.2 SEM micrographs of cross-sections o f three opaline spherules.
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Table 5.1 Weight percents o f oxides in two opaline spherules.
Pt# Si02 A1203 FeO MgO CaO N a20 K 20 X(mm) Y(mm)
1 97.5 0.0439 0 0.0327 0.7249 0.0103 0 23.419 12.951
2 99.98 0.0051 0 0 0 0.0226 0.6229 23.418 12.963
3 91.41 0 0 0 0.8099 0.0021 0 17.594 70.243
4 93.8 0.0274 0.0302 0.0016 0 0.0309 0.7203 17.662 70.242
5 99.39 0.0093 0 0.0021 0.751 0 0 20.466 71.911
1 84.97 0.9921 0.0819 0 0.1404 0.1359 0.867 17.686 70.068
2 92.2 0.0196 0.0829 0.0221 0.8799 0 0.0192 17.684 70.146
3 92.74 0.0187 0.001 0.0027 0 0 0.8257 17.681 70.158
4 89.86 0.0263 0 0 0.8323 0.0454 0.0196 17.679 70.169
5 90.26 0.0154 0.0052 0.0145 0 0.0185 0.7816 17.676 70.18
6 93.05 0 0 0.0215 0.8176 0.0041 0.0299 17.674 70.191
7 91.4 0.0188 0 0.0124 0 0.0597 0.7992 17.671 70.203
8 93.32 0.0461 0.0869 0 0.7904 0.0475 0.0569 17.669 70.214
9 91.79 3.33 0 0.0109 0 0.0123 0.7945 17.667 70.225
10 92.68 0.0445 0 0 0.7945 0.0083 0 17.664 70.236
11 92.77 0.016 0 0.002 0 0.0206 0.8138 17.662 70.248
12 94.74 0.0255 0.001 0.0236 0.8511 0.0227 0.0201 17.659 70.259
13 90.22 0 0 0.0012 0 0.0247 0.8004 17.657 70.27
14 87.1 0.0304 0.0693 0.0045 0.8886 0.0268 0 17.655 70.281
15 89.39 0.0127 0.0391 0 0 0.0082 0.8303 17.652 70.293
16 92.18 0.0295 0 0.0066 0.8464 0.0145 0.0302 17.65 70.304
17 92.68 0.0098 0.0765 0.0014 0 0.0083 0.7783 17.647 70.315
18 93.66 0 0 0.0226 0.8146 0.0062 0 17.645 70.326
19 93.13 0.912 0 0.0201 0.0568 0.1071 0.7932 17.642 70.338
20 69.73 10.53 0 0.0356 1.663 0.1949 0 17.64 70.349
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Opaline Spherule Distribution
Opaline spherules were found in two of the three sedimentary environments 
examined from the Ross Sea and in the only environment examined from the 
Weddell Sea [Ice Shelf Facies described by Anderson (1972)]. In the Ross Sea, 
sedimentary environments were defined using benthic foraminifera (see Chapter 2) 
and consist of a Modern-calcareous facies, a carbonate-bank facies, and an 
agglutinated-facies. The carbonate bank can be further divided into a macrofaunal 
facies and a facies in which macrofauna were not present. Spherules were found in 
association with both of the calcareous foraminiferal facies, but were not found in 
association with agglutinated foraminifera or in barren samples.
Preliminary examination of several cores was conducted. Ten cores were 
chosen for thorough study. Two were from the modem Ross Sea facies. Two were 
from the Pleistocene northwestern carbonate bank, one of which was collected from 
the macrofaunal facies, and the other from the facies where only foraminifera were 
found. Six cores of the trough sediments were also examined.
The concentration o f opaline spherules in the Ross Sea is less than 1.0 
spherules per gram of sediment in all of these facies, except the carbonate-bank 
facies (Tables 5.2 and 5.3). In that facies, opaline-spherule concentrations reach as 
high as 4.0 spherules per gram of sediment.
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Table 5.2 Foraminifera and opaline spherules per gram sediment in carbonate facies.
forams/g spherules/g
DF87-14
0-2 7040.0
20-22 0.0
38-40 1955.8 0.4
60-62 8396.8 0.4
80-82 2730.7
100-102 681.9 0.0
120-122 0.3
140-142 2073.0 0.3
160-162 664.8 0.0
178-179 486.4
E32-43
0-2 29.1
20-22 30.6
41-43 34.5 4.0
60-62 0.0 0.0
80-82 0.0
100-102 10982.4 2.4
120-122 1300.5 1.6
140-142 3256.3 3.2
160-162 8883.2 0.0
180-182 29.4 0.0
200-202 24.1 1.5
240-242 1.2 0.4
260-262 34.9 1.2
280-282 14.1 2.4
300-302 5.5 0.0
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Table 5.3 Foraminifera and opaline spherules per gram sediment in siliciclastic
facies.
forams/g spheral
E32-13
20-22 0.0 0.1
42-44 2.8 0.0
65-67 3.3 0.0
84-86 3.8 0.0
98-100 1.1 0.1
120-122 4.3 0.1
140-142 1.7
160-162 2.7 0.0
182-184 1.7 0.2
202-204 2.1 0.0
E32-16
18-20 0.2 0.0
60-62 1.2 0.3
80-82 1.1 0.1
98-100 0.4 0.1
120-122 0.7 0.1
140-142 0.9 0.1
160-162 1.0 0.1
180-182 0.6 0.1
198-200 0.8 0.0
220-222 0.9 0.0
240-242 0.3 0.1
260-262 0.7 0.0
280-282 1.2 0.1
320-322 0.0 0.0
330-332 0.0
340-342 1.3 0.0
360-362 1.8 0.0
380-382 0.6 0.0
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Rejected Hypotheses
Two possible modes of spherule formation can be rejected. The first is that 
the spherules are tektites from a meteorite impact in a quartz-rich area. The second is 
that the spherules are volcanic. The evidence that the spherules are neither 
extraterrestrial nor volcanic in origin is (1) their composition, (2) their laminated 
configuration, and (3) the consistency of their spherical form.
Although silica is a major constituent of tektites, this silica is not opaline in 
form. Further, tektites are 68-82% silica (Bates and Jackson, 1987), far less than is 
seen in Ross Sea spherules. In addition, although tektites are rounded, they are also 
pitted and jet-black, green, or yellow (Bates and Jackson, 1987). The transparent 
spherules from the Ross Sea obviously do not match this description.
Primary volcanic rocks contain silica, but not opal (Blatt and Tracey, 1996). 
Ross Sea spherules are found in association with carbonates and clastic rocks, not 
volcanic ejecta. Therefore, the hypotheses that these spherules are volcanic in origin 
is rejected.
Opaline Spherule Formation
Weiterman and Russell (1986) called the spherules siliceous ooids.
Spherules are concentrically laminated opaline silica, reminiscent of ooid lamination 
(Plate 5.2), and probably form through chemical precipitation. However, currents at 
the depths in which these spherules are found are not strong enough to create the 
agitation necessary for true ooid formation.
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All marine waters are undersaturated with respect to silica (Broecker and 
Peng, 1982), and therefore opaline spherules do not generally form. In the Antarctic, 
however, waters are much closer to silica saturation (Broecker and Peng, 1982), 
allowing the possibility of opaline spherule formation. Ocean chemistry is primarily 
controlled by temperature, pressure, and salinity. Temperature varies little in Ross 
Sea waters (Jacobs et al., 1985) and pressure is constant at a given depth. Salinity, 
however, varies significantly in Antarctic surface waters because of input of 
freshwater from melting ice (Jacobs et al., 1979). Salinity (ionic strength) and pH are 
the main controls on silica solubility (Faure, 1991) and, therefore, on opal 
precipitation. Silica is less soluble in freshwater than in marine water, so opal should 
precipitate when freshwater enters into the system (Faure, 1991). Freshwater input, 
caused by melting ice, is necessary for the formation of opaline spherules. However, 
their widespread environmental and temporal distribution suggests that opaline 
spherules do not form in association with the large-scale melting during rapid ice- 
shelf retreat. Instead, spherules are probably associated with seasonal sea-ice 
melting. They are not very dense (<2.5 g/cc) compared to water, so they may drift 
slowly through the surface water, accreting opaline silica in concentric layers.
Discussion
There are a few possible explanations for the higher sphemle concentrations 
in the Ross Sea carbonate bank. The relative concentration of opaline sphemle may 
relate to nutrient levels. The greatest concentration of opaline sphemles occurs in 
Pleistocene sediments, in the northwestern part of the carbonate banks. This area
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also shows the greatest macrofaunal diversity. In Chapter 2 ,1 suggest that this part of 
the bank was subjected to a  greater influx of nutrient-rich CDW in the Pleistocene 
than today. Silica is among the nutrients delivered into the Ross Sea by upwelling 
today (Jacobs, 1979). Therefore, a greater influx of CDW in the Pleistocene suggests 
a higher silica concentration at that time. This would allow silica to reach saturation 
more easily and precipitate with the influx of fresh meltwater.
Current activity in the Ross Sea is greatest in the northwestern bank area 
(Anderson, 1984). Based on the foraminiferal assemblages, sediments the size of 
opaline spherules appear unaffected by winnowing. However, the fine sediment 
fraction has definitely been winnowed from that area (per. comm. Anderson, 1999). 
Removal o f the fine sediment fraction may have concentrated opaline spherules and 
may also account for their high concentration in bank sediments.
Conclusions
The solubility of silica is much lower in freshwater than saltwater; therefore 
opaline spherules precipitate when freshwater from melting ice mixes with saltwater. 
Because the water at the bottom of the Ross Sea remains very saline, these spherules 
almost certainly form in the upper part of the water column and fall to the sediments 
below. The density of opaline spherules is low (<2.5 g/cc) compared to water 
making it likely that they sink very slowly through the water column, allowing them 
to accrete in the shape of a sphere.
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Chapter 6: Summary and Conclusions
This volume addresses three major topics: 1) environmental controls on the 
distribution of benthic foraminifera in the Ross Sea, 2) benthic foraminifera and the 
record of ice-shelf retreat in the Ross Sea, 3) formation of the opaline spherules 
found in Antarctic sediments.
Pattern of benthic foraminiferal distribution in the Ross Sea
The distribution of benthic foraminifera in the Ross Sea has been addressed 
in previous studies (McKnight, 1962; Pflum, 1966; Kennett, 1967, 1968; Fillon, 
1974; Osterman and Kellogg, 1979). However, none of these studies considered the 
Pleistocene position of the ice sheet when explaining foraminiferal distribution.
The present project attempts to determine controls on foraminiferal 
distribution in the Ross Sea, with particular attention to the effect of the ice sheet on 
that distribution. In the Pleistocene, the Ross Ice Sheet extended to the edge of the 
continental shelf (Anderson et al., 1993). Since that time, the ice shelf has retreated 
approximately 750,000 km2. Despite such an extensive retreat, it is still the largest 
ice shelf that exists today.
Foraminiferal assemblages in the Ross Sea are predominantly calcareous or 
agglutinated. Two calcareous foraminiferal faunas exist in the Ross Sea. 
Angulogerina earlandi, Cibicides lobatulus, Discorbis vilardeboana, Ehrenbergina 
glabra, Epistominella exigua, and Globocassidulina crassa are the numerically 
significant contributors to both of these faunas. Concentration and diversity are 
much higher in the carbonate bank fauna than in the Modem calcareous fauna.
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Earlier works (Domack, 1982; Domack et al., 1988; Anderson, 1993) have 
suggested an association between ice-shelf position and Antarctic marine carbonate 
formation. This study suggests another link between ice-shelf position and carbonate 
formation, at least in the Ross Sea. The amount of CDW that reaches onto the 
continental shelf is influenced by ice sheet position. The location of the CDW is a 
controlling factor in the distribution of calcareous foraminifera because it is the most 
nutrient-rich water mass in the Ross Sea. It is highly productive and the input of 
phytodetritus caused by the nutrients has a major effect on foraminiferal faunas.
The Modem-calcareous fauna is found in areas where the CDW upwells into 
the photic zone and the sediment surface is above the CCD. The carbonate-bank 
fauna formed in the Pleistocene and represents a more productive period due to 
increased CDW upwelling.
An agglutinated fauna is also found in the Ross Sea. It is found beneath the 
CCD and where the CDW does not upwell into the photic zone. Three coretop 
samples contain an abundant and somewhat diverse assemblage of agglutinated 
foraminifera including Bathysiphon sp. A, Hormosinella ovicula, Miliammina 
earlandi, Textularia wiesneri, and Trochammina quadricamerata. All other samples 
contain only resistant forms of the abundant coretop assemblage, with Miliammina 
earlandi most abundant. The sparse-agglutinated assemblage probably represents a 
much richer agglutinated assemblage after taphonomic loss.
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Foram iniferal Downcore D istribution and Historical Record
The downcore foraminiferal record in the cores used in this study is not 
useful for reconstructing an historical record. Downcore faunal changes in samples 
of the agglutinated fauna appear to be the result of taphonomic loss. Downcore 
changes in the Modem-calcareous fauna are not apparent. In the carbonate-bank 
fauna, changes downcore are evident, but are possibly due to reworking and cannot 
be interpreted in a paleoenvironmental context.
Cold-W ater Carbonates 
The most common species in the Ross Sea carbonate-bank fauna are 
Angulogerina earlandi, Cibicides lobatulus, Discorbis vilardeboana, Ehrenbergina 
glabra, Epistominella exigua, and Globocassidulina crassa. Diversity, the number 
of species per sample, and the concentration of foraminiferal tests are higher in the 
carbonate bank than elsewhere in the Ross Sea.
Biogenic Silica
Biogenic silica is found in greater concentration in modem sediments which 
contain calcareous foraminifera than in the Pleistocene carbonate bank. The biogenic 
silica concentrations probably do not reflect the productivity during the formation of 
these sediments. The lower concentrations in the carbonate bank are due to 
winnowing and the greater exposure o f mixed Pleistocene sediments to waters 
undersaturated in silica.
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Foraminiferal record and  ice-shelf movement in the Ross Sea
Another part of this study seeks to determine if an ice-retreat signature is 
detectable in downcore benthic foraminiferal distributions. The presence of 
calcareous benthic foraminifera in glacial sediments would be particularly useful 
because the age of calcareous foraminifera can be determined using radiocarbon 
dating. Domack et al. (in press) interpreted glacial environments based on sediments 
from several cores taken from glacially-carved troughs in the Ross Sea. Study of 
benthic foraminiferal assemblages from those cores show that benthic foraminifera 
cannot be used to distinguish paleoenvironments associated with ice-shelf retreat.
The ice-shelf proximal, ice-shelf distal, and open-water environments could not be 
distinguished using benthic foraminiferal assemblages. This is not because ice-shelf 
location has no effects on benthic foraminifera, but because the record has been 
altered due to reworking and taphonomic loss. Some glacial tills described in this 
study contained an abundant foraminiferal assemblage. However, glacial till consists 
of reworked sediments, and the foraminiferal assemblages it contains are relict and 
not related to ice-shelf environments.
Presence of opaline spherules found in Antarctic sediments 
Opaline sphemles, first reported from the Ross Sea (Weiterman and Russell, 
1986), but also found in the Weddell Sea (this study) were in association with 
calcareous foraminifera. They were not found in samples barren of foraminifera or in 
which the dominant fauna was agglutinated. No possible mode of formation for 
these tiny opaline spherules has been offered previously.
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Opaline spherule distribution is limited to the area (most of the Ross Sea) 
where sea ice is seasonal. Opaline spherules form when melting ice causes 
freshwater to mix with saltwater. The solubility of silica in freshwater is much lower 
than in saltwater and silica is close to the saturation point in Antarctic waters. 
Therefore, when freshwater mixes with saltwater, it causes silica precipitation. 
Because the water at the bottom of the Ross Sea remains very saline, these spherules 
almost certainly form in the upper part of the water column and then fall to the 
sediments below. The density is low (<2.5 g/cc) compared to water making it likely 
that they sink very slowly through the water column, allowing them to accrete in the 
shape of a sphere.
Connections
Opaline spherule density and benthic foraminiferal density increase together, 
probably because both require high nutrient (silica) levels for production. Biogenic 
silica concentration, however, is lower in sediments with high benthic foraminiferal 
density. This may be the result of winnowing of fines (including diatoms) or 
dissolution.
Major Conclusions
The distribution of benthic foraminifera in the Ross Sea is controlled by 
phytoplankton productivity in surface waters, which is fueled by upwelling of the 
nutrient-rich CDW into the photic zone. The foraminiferal record is not useful for 
mapping the ice-shelf retreat history, because reworking and taphonomic loss have 
obscured the foraminiferal faunal signal of glacial environments.
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